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I .- 
SUMMARY 
The Brayton  Cycle  Solar  Collector Design Study  has  developed: 
parametric  analysis of 20- and 30-foot one-piece  electroformed  mirrors, 
conceptual  designs and manufacturing  methods  for  these  concentrators, 
predicted  concentrator  performance,  analysis of structural  integrity, 
and  experimental  studies of master  fabrication  techniques and reflec- 
tance  samples  subjected  to  simulated  micrometeorite  damage. 
Based on this  collector  design  study  a  one-piece  toroidally 
supported  electroformed  nickel  collector  shell  is  proposed  as  the 
recommended  Brayton  cycle  collector  design. A 30-foot diameter, 
55 degree  rim  angle  collector of this  design  would  consist of a 
0.0107-inch electroformed  nickel shell; a  chemically  deposited,  pro- 
tected  silver  reflective coating; and  a  torus of titanium or nickel, 
0.030 inch  thick.  This  structure  would  weigh  a  maximum  of 614 pounds 
or a  specific  weight  of 0.87  pound  per foot2 of projected  collector 
area.  The  efficiency of this  collector  would  be  about 80.5 percent 
for  a 0.267 degree  misorientation,  a  radial  surface  error f 6 minutes 
standard  deviation, 6 percent  total  obscuration,  and 91 percent  average 
surface  reflectivity. 
Experimental  studies  have  demonstrated  that  either  blade  grinding 
or plastic  overlay  master  fabrication  techniques  are  amenable  to  the 
fabrication of high accuracy,  highly  specular  collector  masters. 
Reflectance  samples  have been made, tested, and supplied to 
NASA-Lewis. These.were exposed  to  simulated  micrometeorite  fluxes 
and were returned to EOS for  retesting  to  determine  reflectance  loss. 
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1, INTRODUCTION 
Tho a v a i l a b i l i t y  o f  r e l i a b l e ,  l o n g - l i f e ,  e c o n o m i c a l  s p a c e  power 
s y s t e m s  i n  t h e  m u l t i k i l o w a t t  r a n g e  w i l l  b e  e s s e n t i a l  f o r  m e e t i n g  t h e  
n a t i o n a l   s p a c e   e x p l o r a t i o n   g o a l s   d u r i n g   t h e   n e x t   f e w   y e a r s .  The 
manned s p a c e  s t a t i o n s  now be ing  p lanned  are  examples  of  appl ica t ions  
f o r   s u c h  power sys tems.  A t  t h e   p r e s e n t  time, on ly   so l a r   ene rgy   and  
n u c l e a r  e n e r g y  a p p e a r  t o  b e  c a p a b l e  o f  s u p p l y i n g  s i z e a b l e  q u a n t i t i e s  
o f   e l ec t r i ca l   ene rgy   necessa ry   fo r   l ong- t e rm  space   mi s s ions .   Fo r  
o u t p u t  power l e v e l s  u p  t o  a p p r o x i m a t e l y  4 0  k i l o w a t t s ,  s o l a r  e n e r g y  
power systems w i l l  p r o b a b l y  b e  l i g h t e r ,  s a f e r ,  less expensive,   and 
a v a i l a b l e   s o o n e r   t h a n   n u c l e a r   e n e r g y   s y s t e m s .   S p e c i f i c a l l y ,   t h e  
so l a r  Bray ton  cyc le  sys t em now a p p e a r s  t o  o f f e r  t h e  b e s t  p r o m i s e  o f  
any  mul t ik i lowa t t  sys t em of be ing  deve loped  to  a r e l i a b l e  o p e r a t i o n a l  
s t a t u s  a t  a n  e a r l y  d a t e .  
The f e a s i b i l i t y  o f  a p r a c t i c a l  s o l a r  B r a y t o n  c y c l e  s p a c e  e l e c -  
t r i c  power system i s  dependen t  on  the  f ab r i ca t ion  o f  a s u i t a b l e  s o l a r  
concent ra tor   and   o ther   components .  The h i g h e s t   a c c u r a c y ,   l i g h t w e i g h t  
c o n c e n t r a t o r  m i r r o r s  d e v e l o p e d  t o  d a t e  h a v e  b e e n  f a b r i c a t e d  by one- 
p i e c e   e l e c t r o f o r m i n g   c o n s t r u c t i o n   m e t h o d s .  The Saturn-4B  and s-2 
s t a g e s  p e r m i t  maximum mi r ro r  d i ame te r s  o f  20 and 30 f e e t ,  r e s p e c t i v e l y .  
S i n c e  o n e - p i e c e  e l e c t r o f o r m e d  m i r r o r s  o f  t h i s  s i z e  h a v e  n o t  b e e n  f a b r i -  
ca t ed  p rev ious ly ,  spec i f i c  des ign  and  manufac tu r ing  p rob lems  r equ i r ed  
f u r t h e r  s t u d y  t o  d e m o n s t r a t e  f e a s i b i l i t y  o f  a B r a y t o n  c y c l e  s o l a r  
c o l l e c t o r  m i r r o r .  
The ob jec t ives  o f  t h i s  Bray ton  Cyc le  So la r  Co l l ec to r  Des ign  
Study Program were t o :  
1. C o n d u c t   p a r a m e t r i c   a n a l y s i s   o f   s p e c i f i e d   v a r i a b l e s   t h a t  
i n f luence  the  pe r fo rmance  and  e f f i c i ency  o f  20-  t o  3 0 - f o o t  
o n e - p i e c e ,  f i x e d  s o l a r  c o l l e c t o r s .  
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2. 
3 .  
4 . 
E s t a b l i s h  a c o n c e n t r a t o r  d e s i g n  u s i n g  e l e c t r o f o r m e d  n i c k e l  
c o n s t r u c t i o n .  
Predic t  concent ra tor  per formance  under  both  ground tes t  
c o n d i t i o n s  a n d  o r b i t a l  u s e  up t o  10,000 h o u r s  d u r a t i o n .  
Pe r fo rm expe r imen ta l  s tud ie s  on  master f a b r i c a t i o n  t e c h -  
n i q u e s ,  i n c l u d i n g  t h e  c o n s t r u c t i o n  o f  two e lec t roformed 
m i r r o r s ,  a n d  t a k e  r e f l e c t a n c e  m e a s u r e m e n t s  o n  t y p i c a l  
coa t ing  samples  bo th  be fo re  and  a f t e r  s imula t ed  mic ro -  
m e t e o r i t e  damage. 
The Brayton  Cycle  Solar  Col lec tor  Des ign  Study i s  summarized i n  
S e c t i o n  2 a n d  d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n s  3 through 11. 
The  emphasis i n  t h i s  p r o g r a m  h a s  b e e n  t o  d e m o n s t r a t e  f e a s i b i l i t y .  
I n  c e r t a i n  c a s e s  w h e r e  more than  one  f eas ib l e  approach  has  been  found ,  
a p r e m a t u r e  s e l e c t i o n  f r o m  t h e  a v a i l a b l e  a l t e r n a t i v e s  h a s  b e e n  a v o i d e d ,  
pending more d e t a i l e d  t e c h n i c a l  a n d  e c o n o m i c  c o n s i d e r a t i o n s .  
The d e s i g n  s t u d y  i n d i c a t e s  t h a t  a 30 - foo t  d i ame te r  s ing le -p iece  
e l e c t r o f o r m e d  n i c k e l  t o r o i d a l l y  r i m  s u p p o r t e d  c o l l e c t o r  i s  a f e a s i b l e  
concept  wi th  a p o t e n t i a l  o f  h i g h  p e r f o r m a n c e  a n d  r e l i a b i l i t y .  
3 
2. PROGRAM COMPENDIUM 
The proposed Brayton Cycle Power Sys t em o f fe r s  t he  advan tages  o f  
a n  e f f i c i e n t ,  r - e l i a b l e  s o l a r  power sys t em,  ava i l ab le  on  a r e l a t i v e l y  
s h o r t  time s c h e d u l e .  I n  e v a l u a t i n g  e i t h e r  t h e  B r a y t o n  c y c l e  s y s t e m  o r  
t h e  B r a y t o n  c y c l e  s o l a r  c o l l e c t o r  d e s i g n s  t h e  f o l l o w i n g  c r i t e r i a ,  
u s e d  e i t h e r  s i n g u l a r l y  o r  i n  v a r i o u s  c o m b i n a t i o n s . a r e  m o s t  i m p o r t a n t .  
1. Performance 
2. R e l i a b i l i t y  
3 .  Weight 
4. Volume 
5 .   c o s t  
The co l lec tor  des ign  proposed  by  Elec t ro-Opt ica l  Sys tems maximizes  
power output ,   has   good  ground t e s t ,  l a u n c h ,  a n d  o r b i t  c a p a b i l i t y ;  sa t i s -  
f i e s  t he  sys t em packag ing  vo lume  requ i r emen t s ,  and  i s  made by a h igh  
accu racy  manufac tu r ing  p rocess  h igh ly  amenab le  to  low-cos t  p roduc t ion  
techniques.   Weight i s  comparab le   t o   t ha t   ob ta ined   ' by   o the r  known 
methods. 
2 .1   Co l l ec to r   Des ign  
The b a s i c  B r a y t o n  c y c l e  c o l l e c t o r  d e s i g n  i s  shown i n  F i g .  2 - 1 ,  
stowed i n   t h e   l a u n c h   p o s i t i o n .  The p r o p o s e d   c o l l e c t o r  i s  a s i n g l e  
s h e l l  p a r a b o l o i d ,  t o r o i d a l l y  s u p p o r t e d  a t  t h e  r i m ,  w i t h  a 55-degree 
r i m  a n g l e  f o r  t h e  3 0 - f o o t  d i a m e t e r  s i z e  a n d  e i t h e r  a 38-degree  or  55- 
degree  r i m  a n g l e   f o r   t h e   2 0 - f o o t   d i a m e t e r   c o l l e c t o r .  The n i c k e l  s h e l l  
and   n i cke l   o r   t i t an ium  to rus   t h i cknesses  are 0.0107  and 0.030 i n c h ,  
r e s p e c t i v e l y .   C o l l e c t o r   l a u n c h   s u p p o r t  w i l l  be by e i t h e r   e i g h t   m o u n t -  
i n g   p o i n t s   o r  a c o n t i n u o u s   r i n g   a t t a c h e d   t o   t h e   r a d i a t o r .   D d r i n g   o r b i t  
t h e  c o l l e c t o r  w i l l  b e  a t t a c h e d  t o  t h e  c a v i t y  a b s o r b e r  by a t r i p o d  o r  
quadrapod. 
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BRIDGE & RADIATOR-COLLECTOR- -+ STRUT-COLLECTOR MOUNTING 
MOUNTING  DETAILS 1 DETAILS 
ELESCOPING STRUT (TYP-3 
- I  
4 
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COLLECTOR 
EIGHT  POINT  SUPPORT 
RELEASE  MECHANISM 
FIG. 2-1 COLLECTOR-RADIATOR MOUNTING DETAILS 
The s t r u c t u r e  w i l l  be  made e i t h e r  o f  all n i c k e l  o r  n i c k e l  
and   t i t an ium.  The n i c k e l  c o l l e c t o r  s h e l l  a n d  t h e  s h e l l  t o r u s  j o i n t  
w i l l  be   e lectroformed.  The n i c k e l  t o r u s  w i l l  be   e lectroformed  whereas  
t h e  t i t a n i u m  t o r u s ,  p r o p o s e d  as a n  a l t e r n a t e  d e s i g n  w o u l d  b e  f a b r i c a t e d .  
A c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  o f  80 pe rcen t  can  be  expec ted  
f o r  t h e  f o l l o w i n g  c o n d i t i o n s : *  
Maximum s u r f a c e  e r r o r  - 6 m i n u t e s  s t a n d a r d  d e v i a t i o n  
M i s o r i e n t a t i o n  - 0.276 degrees  
Obscura t ion  6 p e r c e n t  
R e f l e c t a n c e  9 1  p e r c e n t  
Cav i ty  abso rbe r  - blackbody a t  2110°R ope ra t ing  t empera tu re  
C a v i t y  a p e r t u r e  - 8 inches  diameter  
The we igh t  o f  t he  p roposed  co l l ec to r  w i l l  be approximate ly  
510 pounds  (or 0 .7  l b s  p e r  f t  ) f o r  t h e  n i c k e l - t i t a n i u m  c o l l e c t o r  and 
614  pounds  (or 0.87 l b s  p e r  f t  ) f o r  a n  a l l  n i c k e l  c o l l e c t o r .  
2 
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The EOS c o l l e c t o r  d e s i g n  a d v a n t a g e s  i n c l u d e :  
1. High  power o u t p u t   a n d   c o l l e c t o r - a b s o r b e r   e f f i c i e n c y  
2 .  High   accu racy ,   specu la r   su r f ace  
3 .  High r e f l e c t a n c e ,  low c o s t ,   r e f l e c t i v e   c o a t i n g  
4.  Low s t r e s s e d ,   u n i f o r m ,   h i g h l y   e f f i c i e n t   p a r a b o l o i d a l   s h e l l  
5.  S i n g l e   s t r u c t u r a l   j o i n t  
6 .   A l l -me ta l   cons t ruc t ion  
7 .  No c losed   gas   pocke t s  
8. High r e l i a b i l i t y   c a p a b i l i t y  - e a r t h ,   l a u n c h   a n d   o r b i t  
9 .  High m a n u f a c t u r i n g   p r o c e s s   u n i f o r m i t y ,   r e p r o d u c i b i l i t y   a n d  
c o n t r o l  
1 0 .   P o t e n t i a l  low p r o d u c t i o n   c o s t s  
* T h e s e  n e g l e c t  e f f i c i e n c y  l o s s e s  d u e  t o  t h e r m a l  d i s t o r t i o n  
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2.2 Manufac tur jng ,Tes t igg ,_   Handl ing ,   and   Transpor ta t ion  
The f a b r i c a t i o n  of t h e  l a r g e  B r a y t o n  c y c l e  c o l l e c t o r s  w i l l  
be s i m i l a r   t o   t h e   p r o c e s s e s   d e v e l o p e d  a t  EOS f o r  smaller m i r r o r s .  The 
m i r r o r  w i l l  be made of e l e c t r o f o r m e d  n i c k e l .  It w i l l  be r e p l i c a t e d  f r o m  
an   accura te ,   po l i shed ,   convex   parabol ic  master. 
2.2.1 Master Des ign   and   Fabr ica t ion  
Because  of  the  la rge  s ize  and  deep  curva ture  of  the  
pa rabo lo ida l  mas te r ,  conven t iona l  g l a s s  g r ind ing  and  po l i sh ing  t ech -  
n iques  are no t   su i t ab le .   Seve ra l   o the r   t echn iques   have   been  
eva lua ted .  
2.2.1.1  Template  Machining 
I n  t h i s  p r o c e s s ,  t h e  m a s t e r  c o n s i s t s  of a 
f a b r i c a t e d  m e t a l  s u b s t r u c t u r e  c o a t e d  w i t h  a p o l i s h a b l e  m a t e r i a l  s u c h  
a s   e p o x y   o r   p o l y e s t e r   p l a s t i c .  The surface  shape  of   the  master  i s  
generated by a machine tool which i s  supported above the master and 
guided  over i t s  s u r f a c e  by a r ig id   ove ra rm.  The pa th  of the  machine 
t o o l  i s  guided  f rom the  center  to  the  r i m  of t he  mas te r  by an  accu ra t e  
template  mounted on the  overarm.  The o v e r a r m   r o t a t e s   a b o u t   t h e   o p t i c a l  
a x i s   a s   t h e   m a c h i n e   t o o l   t r a v e r s e s   t h e   s u r f a c e .   ( A l t e r n a t e l y ,   t h e  
overarm i s  f i x e d  a n d  t h e  m a s t e r  r o t a t e s  a b o u t  t h e  o p t i c a l  a x i s . )  
This  process  has  been  developed  a t  EOS f o r  
mak ing  mas te r s  fo r  s egmen ted  so la r  co l l ec to r s .  
2.2.1.2  Blade  Grinding 
The b l a d e  g r i n d i n g  p r o c e s s  i s  a  method  of 
g e n e r a t i n g  a pa rabo lo id   o f   r evo lu t ion   au tomat i ca l ly .   Th i s  i s  made 
poss ib l e  by  a bas i c  geomet r i c  p rope r ty  of t he  pa rabo lo id  o f  r evo lu t ion  
and  does  not  requi re  any  accura te  preshaped  guide  templa tes  ( see  
S u b s e c t i o n   4 . 1 . 2 ) .   S t r u c t u r a l l y ,  a blade  ground master would  be 
i d e n t i c a l  t o  one made by the   t empla te   machin ing   process .  However, t h e  
surface would be generated by a blade which would be moved back 
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a n d  f o r t h  o v e r  t h e  r o t a t i n g  master s u r f a c e  by a mechanism which main- 
t a i n s  t h e  b l a d e  a t  a l l  times p a r a l l e l  t o  t h e  m i r r o r  o p t i c a l  a x i s .  
This  process  was successfu l ly  demonst ra ted  on  2- foot  d iameter  masters 
f o r  t h i s  p r o g r a m  as a method of p r o d u c i n g  a c c u r a t e  p a r a b o l i c  s u r f a c e s .  
2 .2 .1 .3   P l a s t i c   Over l ay   P rocess  
Th i s  p rocess  p rov ides  a method of obtaining 
an  accu ra t e  po l i shed  master w i t h o u t  t h e  n e c e s s i t y  o f  p o l i s h i n g  t h e  
f i n a l   p a r a b o l o i d a l   s u r f a c e .   F i r s t ,  a master s u b s t r u c t u r e  i s  prepared 
i n  t h e  same way as f o r   t h e   p r e v i o u s  two processes .   Next ,  a t h i n  
l a y e r   o f   p l a s t i c  i s  cas t   be tween  two g l a s s   s h e e t s .   P r i o r   t o   f i n a l  
c u r e ,  t h e  p l a s t i c  l a y e r  i s  removed  from  the  glass  and i s  draped  over  
t h e  master su r face ,  be ing  b rough t  i n to  confo rmi ty  by  mechan ica l  
s t r e t c h i n g .  The p l a s t i c  i s  then  permanent ly   bonded  to   the  master  
sur face  and  a l lowed to  comple te  cur ing .  
This  process  has  a l so  been  demonst ra ted  on  
t h i s   p r o g r a m   a s  a  method f o r   p r o d u c i n g   a c c u r a t e ,   s p e c u l a r   p a r a b o l o i d a l  
s u r f a c e s .  
2 .2 .1 .4  Sp in   Cas t ing  
T h i s  p r o c e s s  u t i l i z e s  a n o t h e r  n a t u r a l  
phenomenon t o   g e n e r a t e  a p a r a b o l o i d a l   s u r f a c e   a u t o m a t i c a l l y .   I f  a 
c o n t a i n e r  of l i qu id ,  such  a s  an  epoxy  r e s in ,  i s  r o t a t e d  a b o u t  a v e r t i c a l  
a x i s  and  a l lowed  to  so l id i fy  wh i l e  ro t a t ing , a  pe rmanen t  pa rabo lo ida l  
s u r f a c e  w i l l  be formed. 
2.2.1.5  Comparison  of Master Fabr i ca t ion   Techn iques  
The f i r s t  t h r e e  t e c h n i q u e s  a l l o w  d i r e c t  
f a b r i c a t i o n  of the  convex  master .  The f i n a l   p r o c e s s ,   s p i n   c a s t i n g ,  
r e q u i r e s   t h a t  a concave  surface  be made f i r s t .  T h i s  i s  t h e n   r e p l i c a t e d  
t o  form  the   convex   mas ter .   This   ex t ra   s tep   increases   the   p rocess   cos t  
a n d  d e c r e a s e s  a c c u r a c y ,  m a k i n g  t h e  s p i n  c a s t i n g  p r o c e s s  l e s s  d e s i r a b l e  
t h a t   t h e   o t h e r   t h r e e t e c h n i q u e s .  It has   been shown a t  EOS t h a t  t h e  
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template  machining, blade grinding,  and  plastic  overlay  processes  are 
all suitable for forming large,  accurate, highly polished  masters. 
A choice between these techniques will be made on the  basis of more 
detailed  economic  considerations. 
2.2.2 Mirror Fabrication 
2.2.2.1 Torus Fabrication 
The first  manufacturing  step is the  fabrica- 
tion  of  the torus. This will either be made of. nickel by electroforming 
on a  prepared  aluminum  mandrel,  or  it w ll be made of titanium  by 
conventional forming techniques. 
The  torus is  laid on the master  surface and 
a wax mandrel  for the mirror skin edge radius is cast against it. The 
torus  is  then  removed  and  the  master if made  electrically  conductive 
by chemically depositing on it a  layer  of  pure  metallic  silver. 
2.2.2.2 Mirror Plating 
During plating  of the collector skin the 
master  serves  also  as the bottom of the  plating tank. The tank sides 
are  a  removable  cylindrical  shell.  The  plating  solution is  stored in 
a  separate  tank  and  is pumped  into  the  plating  tank  through  filters  and 
pumps. Current  is fed  to  the anodes and  the master  surface (cathode) 
until the  desired  thickness  of  deposit  has been built up.  Finally, 
the plating  solution  is pumped out and  the deposit  is  washed. 
2.2.2.3 Torus Attachment 
The torus  is  then  placed  on  the  nickel skin 
(still  attached  to  the master). It fits into the edge  radius and is 
bonded  to  the skin by means of an electroformed joint. 
2.2.2.4 Parting 
The mirror  is parted from the  master  by  a 
combination  of mechanical lifting,  air  pressure  between the mirror 
and the  master,  and differential thermal expansion caused  by  localized 
heating.  After  the  mirror has been separated from the master  it is 
cleaned. 
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2.2.2.5 Coatings 
If the  recommended  silver coating is to be 
used, no further coatings are  applied except for protective layers. 
If some  other coating is to be applied,  the  silver is removed  chemically 
and the desired  coatings are applied by vacuum deposition. 
2.2.3 Testing, Handling, and Storage 
Optical and structural  tests would be performed  on 
the mirror in much the same manner as has been developed for smaller 
mirrors. The detailed  nature  of  tests to be run must be determined 
by system design requirements. Optical tests will probably  involve 
primarily  solar  calorimetric and Hartmann testing. 
In-plant handling and storage  should  involve no 
radically new techniques.  A handling and storage  container will be 
provided for each mirror. This container will also serve  as  a  handling 
fixture for use in parting  and  moving the  mirror.  One  of several 
available  protective  methods will be  used  to  prevent  tarnishing  of  the 
silver  coating during ground storage. 
2.2.4 Transportation 
Transportation of this mirror is made difficult by 
its large bulk. Surface  transportation  over the  public  highways  is 
awlcward even for short  distances.  Four  methods  of moving the  mirror 
over  short  and long distances  are  potentially  available: 
1. Helicopter 
2. Barge or  ship 
3 .  Blimp 
4. Airplane 
The helicopter would be  used  for  most short-distance transportation. 
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2 . 3   E f f i c i e n c y  
The t o t a l  power abso rbed  by  the  cav i ty  abso rbe r  ( exc lus ive  o f  
t h e  c a v i t y  t h e r m a l  l o s s e s  d u e  t o  s o u r c e s  o t h e r  t h a n  t h e  c a v i t y  a p e r t u r e  
r e r a d i a t i o n  l o s s e s )  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  c o m b i n e d  c o l l e c t o r -  
a b s o r b e r  e f f i c i e n c y .  C o l l e c t o r - a b s o r b e r  e f f i c i e n c y  i s  h e r e i n  d e f i n e d  a s  
the n e t  power absorbed  by  the  cavi ty  absorber  (assuming only  b lackbody 
c a v i t y  a p e r t u r e  r e r a d i a t i o n  l o s s e s )  d i v i d e d  b y  t h e  g r o s s  power  which 
w o u l d  b e  i n t e r c e p t e d  b y  a n  u n o b s t r u c t e d  c o l l e c t o r .  T h i s  c o l l e c t o r - a b s o r b e r  
e f f i c i e n c y  i n c l u d e s  these l o s s e s :  
1. 
2. 
3 .  
4 .  
5.  
6.  
7 .  
8. 
C o l l e c t o r  o b s c u r a t i o n  
R e f l e c t i v e  c o a t i n g  r e f l e c t a n c e  loss  and  degrada t ion  
C a v i t y  r e r a d i a t i o n  
M i s o r i e n t a t i o n  
Alignment and focus 
S u r f a c e  e r r o r s  
E r r o r s  d u e  t o  t h e r m a l  d i s t o r t i o n  
C e n t r i f u g a l  e f f e c t s  
2 . 3 . 1   C o l l e c t o r   O b s c u r a t i o n  
A c o l l e c t o r  o b s c u r a t i o n  f a c t o r  of 6 p e r c e n t  was u s e d  i n  
a l l  c a l c u l a t i o n s .  T h i s  y i e l d s  a n e t   o f  94 p e r c e n t  o f  t h e  o r i g i n a l  power 
s t r i k i n g  t h e  c o l l e c t o r  r e f l e c t i v e  s u r f a c e .  I t  i s  w e l l  t o  n o t e  t h a t  
c o l l e c t o r  o b s c u r a t i o n  a s  w e l l  a s  c a v i t y  r e r a d i a t i o n  a t  o p e r a t i n g  t e m p e r -  
a t u r e  a r e  o f t e n  o m i t t e d  i n  r e p o r t i n g  c o l l e c t o r  e f f i c i e n c y .  
2 .3 .2   Re f l ec t ive   Coa t ing :   Re f l ec t ance   and   Durab i l i t y  
The r e f l e c t a n c e  o f  t h e  c h e m i c a l l y  d e p o s i t e d  s i l ve r  re-  
f lec t ive  c o a t i n g  w i l l  b e  9 1  p e r c e n t  o r  g r e a t e r .  B a s e d  on c a l c u l a t e d  
space  envi ronmenta l  degrada t ions ,  a loss of less  t h a n  1 p e r c e n t  r e f l e c t a n c e  
ove r  t he  10,000 h o u r  d e s i g n  l i f e  o f  t h i s  c o l l e c t o r  i s  p r e d i c t e d .  
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2.3.3 Absorber  Assumptions 
For  convenient  compar ison  the  absorber  was assumed 
t o  b e  an i so the rma l  b l ackbody  cav i ty .  A blackbody  cavi ty   cannot   be 
made i n  p r a c t i c e ;  t h e r e f o r e ,  i t  can  r easonab ly  be  expec ted  tha t  t he  
o v e r a l l  c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  w i l l  be less than  va lues  quo ted  
using blackbody assumptions.  
2 . 3 . 4  S u r f a c e   E r r o r s  
A t  t h e  c a v i t y  d e s i g n  a p e r t u r e  o f  8 inches  and  a c o l l e c t o r  
m i s o r i e n t a t i o n   o f  0 .267   (16  m i n u t e s )   t h e   f o l l o w i n g   t a b l e  l i s t s  r a d i a l  
0 
s u r f a c e  e r r o r s  ( s t a n d a r d  d e v i a t i o n )  a n d  t h e  c o r r e s p o n d i n g  c o l l e c t o r -  
a b s o r b e r  e f f i c i e n c i e s .  
U ‘c -a 
minutes  % - 
0 8 2  .O 
2 8 1 . 8  
4 8 1 . 4  
6 80.5 
15  72.5 
T h i s  r a p i d  d e c r e a s e  i n  c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  
w i t h  i n c r e a s i n g  s u r f a c e  e r r o r  d e m o n s t r a t e s  t h e  h i g h  premium which  must 
be placed on c o l l e c t o r  s u r f a c e  a c c u r a c y  i f  a h i g h l y  e f f i c i e n t  B r a y t o n  
c y c l e  power system i s  to  be  ach ieved .  
2 . 3 . 5  M i s o r i e n t a t i o n  
The e f f e c t  of c o l l e c t o r  m i s o r i e n t a t i o n  up t o  0.533 0 
was d e t e r m i n e d  f o r  c o l l e c t o r s  h a v i n g  0 ,  2, 4 ,  6 ,  and 15 minu tes  s t anda rd  
d e v i a t i o n  r a d i a l  e r r o r ,  r e s p e c t i v e l y .  F o r  a g i v e n   c a v i t y   a p e r t u r e   h i g h l y  
a c c u r a t e  c o l l e c t o r s  a r e  much less s e n s i t i v e  t o  m i s o r i e n t a t i o n  a n d  a c h i e v e  
t h e  h i g h e s t  c o l l e c t o r - a b o s r b e r  e f f i c i e n c y .  
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2.3.6  Alignment  and  Focus 
An a x i a l  m i s f o c u s  o f  t h e  c a v i t y  a p e r t u r e  o f  f 0.5 inches  
w i l l  produce less t h a n  1 .5  p e r c e n t  o f  c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  loss 
f o r  a 6 minu te  s t anda rd  dev ia t ion  mi r ro r  and  an  8 inch  ape r tu re .  Wi th  the  
Same e r r o r s  a n d  a p e r t u r e , a  r a d i a l  m i s a l i g n m e n t  i n  t h e  f o c a l  p l a n e  of 
* 1 /2  inches  w i l l  r e s u l t  i n  a 1 /2  pe rcen t  loss.  
2 .3 .7   Thermal   Er rors  
The maximum ax ia l  mi sa l ignmen t  due  to  a uniform ambient 
temperature  change w i l l  be  less t h a n  f 0.1  inches assuming a c o n s t a n t  
a m b i e n t   t e m p e r a t u r e   f o r   t h e   s t r u t s   a n d   c o l l e c t o r   a s s e m b l y .   I f   t h e  
c o l l e c t o r  s h e l l  e d g e  i s  u n r e s t r a i n e d ,  t h e  maximum a n g u l a r  e r r o r  d u e  t o  
a n  e x p e c t e d  t e m p e r a t u r e  g r a d i e n t  t h r o u g h  t h e  c o l l e c t o r  s h e l l  o f  0 . 1 5 6  F / i n c h  
w i l l  be less than  one  minute   of   error  a t  t h e  r i m .  One could   reasonably  
expec t  t ha t  t he  she l l  t empera tu re  g rad ien t  wou ld  p roduce  a c o l l e c t o r -  
a b s o r b e r  e f f i c i e n c y  loss  of  cons iderably  less than  one  pe rcen t .  
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The torus  can  be m a i n t a i n e d  w i t h i n  *lO°F o f  t h e  
ave rage  in t eg ra t ed  co l l ec to r  su r face  t empera tu re  f rom the  cen te r  t o  the  
r i m .  Such a 10°F t empera tu re   d i f f e rence   p roduces   edge   de f l ec t ions   and  
r i m  d i s t o r t i o n s  w h i c h  may cause  a c o l l e c t o r  e f f i c i e n c y  loss of up t o  
1-1 /2  p e r c e n t .   S i n c e   t h e   e d g e   d i s t o r t i o n s   c a u s e d  b y  t h e  t o r u s  d i f f e r e n t i a l  
t h e r m a l  e x p a n s i o n  a n d  t h e  c o l l e c t o r  s h e l l  t h e r m a l  g r a d i e n t  r i m  e f f e c t s  
o c c u r  i n  t h e  same a r e a ,  maximum r i m  e f f i c i e n c y  l o s s e s  of 1 . 7  p e r c e n t  o r  less 
may o c c u r .  
The e f f e c t  of t r a n s i e n t  t h e r m a l  v a r i a t i o n s  a c r o s s  t h e  
c o l l e c t o r  s u r f a c e  d u e  t o  t h e r m a l  f l u x  c h a n g e s  d u r i n g  o r b i t  w i l l  t end  
t o   c a u s e   a x i a l   m i s f o c u s   o f  less t h a n  0 .1  i n c h e s .   T h e r e f o r e ,   t h e   t o t a l  
c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  loss due t o  t e m p e r a t u r e  e f f e c t s  c a n  
r easonab ly   be   expec ted   t o   be  2 t g  4 p e r c e n t   o r  less. Based on t h e s e  
assumpt ions ,  the  80.5 pe rcen t  pe r fo rmance  va lue  migh t  be  r educed  to  
between 76.5 and 78.5 percent .  
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2.3.8 C e n t r i f u g a l   A c c e l e r a t i o n  Effects 
D e f l e c t i o n s  o f  t h e  c o l l e c t o r  t o r u s  c a u s e d  b y  c e n t r i f u g a l  
a c c e l e r a t i o n  d u r i n g  o r b i t  may p r o d u c e  c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  l o s s e s  
i n  the same order   o f   magni tude   as  the t h e r m a l   l o s s e s .  The exact: l o s s  i n  
e f f i c i e n c y  d e p e n d s  t o  a l a r g e  e x t e n t  u p o n  t h e  d e s i g n  o f  t h e  c o l l e c t o r  
t o r u s   a n d   c o l l e c t o r - t o - c a v i t y   s u p p o r t i n g   s t r u t s .   T h e s e   p e r f o r m a n c e  
l o s s e s  were n o t  i n c l u d e d  i n  t h e  80.5 p e r c e n t  f i g u r e .  
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2 .4  S t r u c t u r a l   I n t e g r i t y  
T h e  p r o p o s e d  t o r o i d a l l y  s u p p o r t e d  c o l l e c t o r  s h e l l s  a r e  o f  a l l -  
m e t a l   c o n s t r u c t i o n .   E x c l u s i v e   o f   t h e   r e f l e c t i v e   c o a t i n g ,   t h e   c o n s t r u c t i o n  
w i l l  b e  e i t h e r  a l l  n i c k e l  o r  a n i c k e l  s h e l l  j o i n e d  t o  a t i t a n i u m  t o r u s .  
The t i t a n i u m  t o r u s  c a n  a c h i e v e  l o w e r  t o t a l  w e i g h t ,  a t  a s a c r i f i c e  i n  d i f -  
f e r e n t i a l  t h e r m a l  e x p a n s i o n  c o n t r o l .  
The o n e - p i e c e  e l e c t r o f o r m e d  s h e l l  d e s i g n  p r o v i d e s  good u n i f o r m i t y  
o f  s h e l l  t h i c k n e s s ,  n e a r - z e r o  r e s i d u a l  f o r m i n g  s t ress ,  and near-maximum 
s t r u c t u r a l  e f f i c i e n c y .  The use  of   only a s i n g l e  s t r u c t u r a l  j o i n t  a n d  t h e  
absence  o f  any  c losed  pocke t s  t o  en t r ap  gas  min imize  the  p rob lems  o f  
l o c a l i z e d  s t r u c t u r a l  f a i l u r e .  
2 . 4 . 1  S t a t i c   A c c e l e r a t i o n   E f f e c t s  
The t e n s i l e  s t resses  caused by a x i a l  a c c e l e r a t i o n s  w i l l  
n o t  damage t h e   s t r u c t u r e .   U s i n g   t h e   e x t r a p o l a t e d   r e s u l t s   o f   r e c e n t  
e m p i r i c a l  i n v e s t i g a t i o n s  on t h i n  e l e c t r o f o r m e d  s p h e r i c a l  c a p s ,  i t  can 
be shown t h a t  a c o l l e c t o r  s h e l l  o f  t h e  d e s i g n  t h i c k n e s s  (10 .7  m i l s )  w i l l  
w i t h s t a n d  t h e  maximum n e g a t i v e  a c c e l e r a t i o n s  s p e c i f i e d  i n  t h e  e n v i r o n m e n t a l  
s p e c i f i c a t i o n .  
The s h e l l  s t resses  produced by c e n t r i f u g a l  a c c e l e r a t i o n  
c o l l e c t o r   a s s e m b l y   a r e   q u i t e  l o w .  No d i f f i c u l t i e s  due to   compress ive  
b u c k l i n g  a r e  e x p e c t e d .  
The s t resses  p roduced  by  cen t r i fuga l  acce le ra t ion  
n 
d u r i n g  o r b i t  a r e  less  t h a n  1 7  l b s / i n  maximum and w i l l  have  no  adverse 
e f f e c t  on t h e  s t r u c t u r a l  i n t e g r i t y .  
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2 . 4 . 2  Dynamic ~- C h a r a c t e r i s t i c s  
The c o l l e c t o r  v i b r a t i o n  c h a r a c t e r i s t i c s  w i l l  depend 
l a r g e l y   o n   t h e   m o u n t i n g   d e s i g n s   f o r   t h e   l a u n c h   a n d   o r b i t   c a s e s .  Dur- 
ing  launch,  and  assuming a c o n t i n u o u s l y  s u p p o r t e d  t o r u s ,  t h e  c o l l e c t o r  
s h e l l  i s  assumed t o   v i b r a t e   i n   t h e   a x i s y m m e t r i c   b r e a t h i n g  mode. For 
t h e s e  a s s u m p t i o n s ,  t h e  n a t u r a l  f r e q u e n c y  i s  i n  t h e  r a n g e  of 80-150 
c y c l e s   p e r   s e c o n d .   F o r   t h e   c a s e s   o f  3 - ,  4 - ,  or   8 -poin t   suspens ion   of  
t h e  t o r u s  d u r i n g  e i t h e r  l a u n c h  o r  o r b i t ,  c o l l e c t o r  v i b r a t i o n s  w i l l  be 
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d e t e r m i n e d   p r i m a r i l y   b y   t h e   t o r u s   n a t u r a l   f r e q u e n c i e s .   F o r   t h e s e  
c a s e s  t h e  c o l l e c t o r  n a t u r a l  f r e q u e n c i e s  w i l l  range between 2 and 20 
cyc les / sec .   Because   o f   the   h igh   degree   o f  a i r  dampening f o r  t h i s  
s t r u c t u r e  f o r  h i g h  f r e q u e n c y  v i b r a t i o n s  ( g r e a t e r  t h a n  36 c y c l e s / s e c o n d ) ,  
a c o n t i n u o u s l y   s u p p o r t e d   t o r u s   d e s i g n  i s  p re fe r r ed   fo r   l aunch .   Dur -  
i n g  o r b i t ,  t h e  q u a d r a p o d  s t r u t  d e s i g n  i s  p re fe r r ed  f rom a v i b r a t i o n a l  
s t a n d p o i n t  . 
The  35g shock loading w i l l  .have no permanent  effect  
on t h e   c o n t i n u o u s l y   s u p p o r t e d   s t r u c t u r a l   - d e s i g n .  The 8 - p o i n t   t o r u s  
mount ing  dur ing  launch ,  appears  margina l  for  the  present  to rus  des ign .  
The s t a t i c  p r e s s u r e  e q u i v a l e n t  t o  t h e  n e t  p o s i t i v e  
r a d i a t i o n  p r e s s u r e  o f  a 148 d b  a c o u s t i c a l  n o i s e  f i e l d ,  R e  0.002 micro- 
b a r ,  i s  an  order  of  magni tude  less t h a n  t h e  c r i t i c a l  buck l ing  p res su re  
and  should  present   no  buckl ing  problems.  The dynamic   e f f ec t s   o f   t he  
c o l l e c t o r  s h e l l ,  compared  wi th  ava i lab le  t es t  da ta  on  a luminum pla tes ,  
i n d i c a t e  t h a t  t h e  n i c k e l  s h e l l  s tress d u e  t o  a c o u s t i c a l  n o i s e  c o n d i -  
t i ons  shou ld  be  low. 
2 .4 .3  Thermal E f f e c t s  
The t r ans i en t  t empera tu res  encoun te red  by  the  co l l ec -  
t o r  s h o u l d  n o t  c a u s e  c o l l e c t o r  s t r u c t u r a l  f a i l u r e  d u e  t o  t h e  e f f e c t s  
of thermal   shock ,   ambient   and   t rans ien t   changes ,   and   the   thermal  
g r a d i e n t  a c r o s s  t h e  c o l l e c t o r  s h e l l .  
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2 . 5  R e l i a b i l i t y  
A n a l y t i c a l  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  p r o p o s e d  d e s i g n  
concept  w i l l  have a h i g h  r e l i a b i l i t y  a n d  s t r u c t u r a l  i n t e g r i t y  t h r o u g h -  
ou t   t he   g round  t e s t ,  l aunch ,   and   o rb i t   phases .   These   ca l cu la t ions  
are based  on  the  ana lys i s  of t he  fo l lowing  poss ib l e  p rob lem areas: 
1. E n v i r o n m e n t a l   s p e c i f i c a t i o n s  
2. Ground atmospheric   environment  
3 .  Micrometeorites  (computed) 
4.  Temper a t u r  e 
5. U l t r a v i o l e t   r a d i a t i o n  
6 .  Vacuum 
7 .  Cha rged   pa r t i c l e s  
8. H i g h   e n e r g y ,   e l e c t r o n s ,   p r o t o n s ,   p h o t o n s ,  x r a y s  
The p o t e n t i a l  h i g h  r e l i a b i l i t y  of the  proposed  des ign  i s  
d u e  t o  t h e  f o l l o w i n g  f a c t o r s :  
1. All-metal c o n s t r u c t i o n  
2. One-p iece   l ec t ro fo rmed   n i cke l   she l l  
3 .  Low r e s i d u a l  s t ress  
4.  No pockets   for   gas   en t rapment  
5. S i n g l e   j o i n t  
6. E lec t rochemica l   bonds   be tween  to rus   and   she l l  
7 .  Low the rma l  expans ion  ma te r i a l  ( s )  
8. Low t h e r m a l   g r a d i e n t   a c r o s s   c o l l e c t o r   s h e l l  
9 .  High a i r  dampening 
10. R e f l e c t a n c e   c o a t i n g   w i t h   p o t e n t i a l l y   h i g h   r e s i s t a n c e   t o  
space  environment 
11. H i g h   c o l l e c t o r - a b s o r b e r   e f f i c i e n c y  
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2 . 6  Recommendations 
Based  on t h i s  d e s i g n  s t u d y  a d d i t i o n a l  i n f o r m a t i o n  i s  re- 
q u i r e d  i n  two areas: 
1. A d d i t i o n a l   s t r u c t u r a l   i n v e s t i g a t i o n  
2. Space   re f lec tance   measurements  
It i s  recommended tha t  work  be  pe r fo rmed  in  the  fo l lowing  
areas : 
1. S t a t i c   b u c k l i n g  
2. V i b r a t i o n  
3 .  A c o u s t i c a l   n o i s e  
4 .  Thermal stress 
O p t i c a l  t es t s  would  be  per formed before  and  af te r  s t ruc tura l  t es t s  t o  
d e t e r m i n e   t h e   d e g r e e   o f   c o l l e c t o r   d e t e r i o r a t i o n ,   i f   a n y .   B a s e d  on t h e  
r e s u l t s  o f  t h e s e  s t r u c t u r a l  tes ts  t h e  d e s i g n  c a l c u l a t i o n s  u s e d  i n  
th i s  s tudy  can  be  ve r i f i ed  and  improved .  
In - space  measu remen t s  o f  co l l ec to r  r e f l ec t ance  deg rada t ion  
are n e c e s s a r y   t o   v e r i f y   p r e d i c t e d   d e g r a d a t i o n  ra tes .  Space   exper i -  
ments t o  o b t a i n  t h i s  d a t a  are i n   t h e   p l a n n i n g   s t a g e s .  No f i n a l   p r o o f  
o f  c o l l e c t o r  d u r a b i l i t y  w i l l  b e  a v a i l a b l e  u n t i l  t h e s e  e x p e r i m e n t s  are 
run .  
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3. COLLECTOR DESIGN 
The c o l l e c t o r ' d e s i g n   p r o p o s e d   b y  EOS i s  shown i n  F i g .  3-1. The 
p r o p o s e d  s t r u c t u r e  i s  a p a r a b o l o i d a l  n i c k e l  s h e l l  s u p p o r t e d  b y  a r i m  
mounted t o r u s  w i t h  s u i t a b l e  m o u n t i n g  b r a c k e t s  f o r  t h e  t o r u s - t o - r a d i a t o r  
and  abso rbe r - to - to rus  suppor t s .  
The maximum d i a m e t e r s  f o r  c o l l e c t o r s  i n t e n d e d  f o r  i n t e g r a t i o n  w i t h  
t h e  S a t u r n  S-LtB and S-2 s t a g e s  w i l l  be  20 f t  and 30 f t  r e s p e c t i v e l y .  
F o r  t h e  3 0 - f t  d i a m e t e r  c o l l e c t o r  a r i m  ang le  o f  5 5 0  is proposed,  
c o r r e s p o n d i n g   t o  a 1 4 . 4 - f t   f o c a l   l e n g t h   p a r a b o l o i d .  A s  a f i r s t   c h o i c e  
i t  i s  sugges t ed   t ha t   t he   20 - f t   d i ame te r   co l l ec to r   be   f ab r i ca t ed   f rom 
t h e  same 1 4 . 4 - f t   f o c a l   l e n g t h   p a r a b o l o i d a l   m a s t e r .   T h i s   w o u l d   r e s u l t  
i n  a 38.3 r i m  a n g l e   2 0 - f t   d i a m e t e r   c o l l e c t o r .  A s  a second  choice  the 
20 - f t  d i ame te r  co l l ec to r  wou ld  be  f ab r i ca t ed  f rom a 9 . 6 - f t  f o c a l  l e n g t h  
master co r re spond ing   t o  a 55 r i m  a n g l e .  The 55 r i m  a n g l e   c o l l e c t o r  
was c h o s e n  p r i m a r i l y  f o r  p a c k a g i n g ,  w e i g h t ,  a n d  s t r u c t u r a l  i n t e g r i t y  
c o n s i d e r a t i o n s .  A d e t a i l e d   a n a l y s i s   o f   t h e  optimum r i m  angle  i s  g iven  
i n  S e c t i o n  5. 
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A s  a f i r s t  c h o i c e  t h e  c o l l e c t o r  w i l l  be  mounted  by a cont inuous 
to rus   suppor t   du r ing   l aunch .   A l t e rna t ive ly ,   an   8 -po in t   moun t ing   suppor t  
w i t h  t h e  n e c e s s a r y  t o r o i d a l  a n d  r a d i a t o r  b r a c k e t s  c a n  b e  u s e d .  I n  
o r b i t  e i t h e r  a t e l e s c o p i n g  t r i p o d  o r  q u a d r a p o d  s t r u t  s u p p o r t  o f  t h e  
c o l l e c t o r   t o r u s   f r o m   t h e   c a v i t y   a b s o r b e r   c a n   b e   u s e d .  A quadrapod 
suppor t  i s  recommended f o r  s t r u c t u r a l  r e a s o n s .  
3 . 1  Material 
The c o l l e c t o r  s h e l l  w i l l  be  fabr ica ted  f rom e lec t roformed 
n i c k e l   ( s e e   S e c t i o n   4 ) .  The r e s i d u a l   s h e l l  stresses w i l l  be less than  
500 l b s / i n 2  b e c a u s e  of t h e  e x c e l l e n t  s t ress  c o n t r o l  p o s s i b l e  w i t h  
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nicke l   e lec t roformed  f rom  the   su lphamate   so lu t ion .  The jo in t   be tween  
t h e  t o r u s  a n d  s h e l l  w i l l  a l s o   b e   o f   e l e c t r o f o r m e d   n i c k e l .  The t o r u s  
w i l l  e i t h e r  b e  n i c k e l  o r  t i t a n i u m .  The mounting  brackets  between 
the  r ad ia to r  and  to rus  and  be tween  the  cav i ty  abso rbe r  and to rus  can  
b e  f a b r i c a t e d  f r o m  e i t h e r  aluminum, t i t an ium,   magnes ium,   o r   n icke l .  
3 .2   Re f l ec t ive   Coa t ing  
The f i r s t  c h o i c e  f o r  t h e  r e f l e c t i v e  c o a t i n g  w i l l  be  chemi- 
c a l l y  d e p o s i t e d  s i l v e r  a p p l i e d  p r i o r  t o  e l e c t r o f o r m i n g  on the  mas te r  
s u r f a c e .  The coa t ing   t h i ckness  w i l l  be 80& f200A. The d u r a b i l i t y  of ' 
t h e  s i l v e r  c o a t i n g  w i l l  be  d i scussed  in  Sec t ion  7 .  
AS a second choice  the  e lec t roformed n icke l  she l l  would  be  
coa ted  wi th  a vacuum d e p o s i t e d  m u l t i p l e  c o a t i n g  i n  t h e  f o l l m i n g  
sequence: 
( N i c k e l  s u b s t r a t e )  
Chromium - 2OOk * l O O i  
S i l i c o n  monoxide - 2500k f 2 5 0 i  
Aluminum - l O O O k  f 2 0 0 i  
3 . 3  Weight 
The weight  of e l e c t r o f o r m e d  c o l l e c t o r s  c a n  b e  v a r i e d  g r e a t l y  
merely by va ry ing  the  th i cknesses  of t h e  n i c k e l  s k i n s  a n d  t h e  n i c k e l  o r  
t i t a n i u m   t o r u s  walls. The ac tua l   des ign   we igh t   fo r  a p a r t i c u l a r  c o l l e c -  
t o r  i s  chosen   to   meet   he   spec i f ied   envi ronmenta l   condi t ions .   For   the  
B r a y t o n  c y c l e  c o l l e c t o r ,  a s p e c i f i c  w e i g h t  r a n g i n g  from 0.7 lbs/sq f t  
f o r  a n i c k e l  s h e l l - t i t a n i u m  t o r u s  c o l l e c t o r  t o  0 . 8  f o r  a n  a l l  n i c k e l  
s t ruc tu re   appea r s   adequa te   t o   mee t   t he   spec i f i ed   r equ i r emen t s .  A weight  
s m a r y  f o r  t h i s  d e s i g n  i s  g i v e n  i n  S e c t i o n  8. 
3 . 4  P e r f o r m a n c e   C h a r a c t e r i s t i c s  
A c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  of 80.5 percent  can be ex-  
pected,   based  on:  
Maximum s u r f a c e  e r r o r  - 6 minu tes  s t anda rd  dev ia t ion  
M i s o r i e n t a t i o n  - 16  minutes  (0.267') 
Obscura t ion  - 6 p e r c e n t  
R e f l e c t i v i t y  - 91   pe rcen t  
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Blackbody cavi ty  absorber  a t  2110 R 
C a v i t y  a p e r t u r e  - 8 inches  d iameter  
0 
A d d i t i o n a l  e f f i c i e n c y  l o s s e s  may occur  f rom misal ignment  and misfocus,  
t h e r m a l  e f f e c t s ,  a n d  c e n t r i f u g a l  s t r u c t u r a l  e f f e c t s  (see S e c t i o n  5).  
3 . 5   A l t e r n a t e   S t r u c t u r a l   D e s i g n  
The m a i n  s t r u c t u r a l  p r o b l e m  f o r  t h e  t o r o i d a l l y  s u p p o r t e d  
s h e l l  c o l l e c t o r  i s  c o m p r e s s i v e   b u c k l i n g .   E a r l y   i n   t h i s   p r o g r a m   s e v e r a l  
a l t e r n a t e   d e s i g n   c o n c e p t s  were cons ide red .  However, a l l  excep t   t he  
t o r o i d a l l y  s u p p o r t e d  s t r u c t u r e  were d i s r e g a r d e d  e i t h e r  b e c a u s e  t h e y  
d i d  n o t  h e l p  t o  p r e v e n t  b u c k l i n g  o r  b e c a u s e  t h e y  s u f f e r e d  f r o m  a l o s s  
o f  e f f i c i e n c y  o r  r e l i a b i l i t y  compared  wi th  the  toro ida l ly  suppor ted  
s h e l l  s t r u c t u r e .  Some o f   t h e s e   c o n c e p t s   d o   h a v e   g r e a t e r   r e s i s t a n c e   t o  
compress ive   buckl ing .   I f  i t  should   be   found  tha t   compress ive   buckl ing  
i s  more s e r i o u s  t h a n  i s  now c a l c u l a t e d ,  c e r t a i n  f e a t u r e s  of   these  de-  
s i g n s  c o u l d  b e  a p p l i e d  t o  t h e  t o r o i d a l l y  s u p p o r t e d  s t r u c t u r e  a t  some 
e x p e n s e   i n   p e r f o r m a n c e   a n d   r e l i a b i l i t y .  Under some c i r c u m s t a n c e s ,   t h e  
p rope r  use  o f  t hese  concep t s  cou ld  r e su l t  i n  a s l i g h t  w e i g h t  r e d u c t i o n .  
3 .5 .1   One-Piece  Monocoque S t r u c t u r e  -
I n  t h i s  d e s i g n  c o n c e p t ,  F i g .  3 - 2 ,  t h e  f r o n t  s k i n  i s  
r e g i d i z e d  by a second  compound-curved s h e l l  o f  d e e p e r  c u r v a t u r e  a t t a c h e d  
t o   t h e   f r o n t   s k i n  a t  the  edge.   However ,   th is   concept   does  not   provide 
t h e  h i g h  e d g e  r i g i d i t y  r e q u i r e d  f o r  t h e  s t r u t  s u p p o r t  b r a c k e t s .  F u r t h e r  
more, i t  a d d s ' n o t h i n g  t o  t h e  c o m p r e s s i v e  b u c k l i n g  r e s i s t a n c e  o f  t h e  
f r o n t   s h e l l .   C o n s e q u e n t l y ,  i t  i s  n o t  recommended f o r   t h i s   a p p l i c a t i o n .  
I n  t h i s  c o n c e p t ,  F i g .  3 - 3 ,  t h e  f r o n t  s k i n  i s  p l a t e d  i n  a 
s i n g l e   p i e c e  as i n   t h e   t o r o i d a l l y   s u p p o r t e d   s t r u c t u r e .  Howevcr, the  back-  
i n g  s t r u c t u r e  c o n s i s t s  o f  p e t a l - s h a p e d  monocoque s h e l l s ,  which are  a t t a c h e d  
to  the  f ron t  sk in  a long  the  edges  o f  t he  pe t a l - shaped  segmen t s ,  as well 
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FIG. 3-2 ONE-PIECE MONOCOqUE STRUCTURE 
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F I G .  3-3 ONE-PIECE  REFLECTIVE  SKIN  WITH SEGMENTED MONOCOQUE BACKING  STRUCTURE 
as a t  some in t e rmed ia t e   po in t s .   A l though   t he   compress ive   buck l ing  
r e s i s t a n c e  o f  t h i s  s t r u c t u r e  may be  somewhat b e t t e r  t h a n  f o r  t h e  
t o r o i d a l l y  s u p p o r t e d  s h e l l  s t r u c t u r e ,  t h e  e d g e  r i g i d i t y  is  low u n l e s s  
a t o r u s  is  used  and  the  op t i ca l  pe r fo rmance  is  d e g r a d e d  b y  d i s t o r t i o n  
a t  t h e  a t t a c h m e n t  p o i n t s  on t h e  r e f l e c t i v e  s k i n .  
3.5.3 Honeycomb S t r u c t u r e s  
The r i g i d i t y  o f  t h e  t o r o i d a l l y  s u p p o r t e d  s h e l l  
s t r u c t u r e  c a n  b e  somewhat  improved by apply ing  honeycomb s t i f f e n e r s  
t o  t h e  b a c k  s u r f a c e  o f  t h e  s h e l l ,  F i g .  3 - 4 .  The  honeycomb  would n o t  b e  
t h e  common expanded metal type ,  bu t  would  be  an  e lec t roformed conf igu-  
r a t i o n  made i n  one piece and having i t s  own s t r u c t u r a l  r i g i d i t y .  
These honeycomb s e c t i o n s  c o u l d  b e  b o n d e d  t o  t h e  s h e l l  s t r u c t u r e  
w h e r e v e r  n e e d e d  t o  i n c r e a s e  r i g i d i t y .  The  bonding  could  be  accom- 
p l i s h e d  e i t h e r  by r e l a t i v e l y  c o n v e n t i o n a l  a d h e s i v e  t e c h n i q u e s  o r  
by d i r e c t   e l e c t r o f o r m i n g .  The l a t t e r  would r e t a i n   t h e   a d v a n t a g e  
o f   a n   a l l - m e t a l   s t r u c t u r e ,   f r e e   f r o m   o r g a n i c   m a t e r i a l s .  The e f f i c -  
iency  loss  wi th  th i s  concept  would  probably  be  less than for  any of  
the   above   approaches .  Even so,  i t  i s  n o t  recommended u n l e s s   t h e  
s i m p l e ,  t o r o i d a l l y  s u p p o r t e d  s h e l l  s t r u c t u r e  s u f f e r s  f r o m  u n e x p e c t -  
e d l y   s e v e r e   b u c k l i n g   p r o b l e m s .   I f   t h i s   s h o u l d   o c c u r ,   t h e   u s e   o f  
t h e s e  s p e c i a l  e l e c t r o f o r m e d  honeycomb s t i f f e n e r s  would provide a 
p o s i t i v e  m e t h o d  o f  a s s u r i n g  t h e  i n t e g r i t y  o f  t h e  b a s i c  e l e c t r o f o r m e d  
c o l l e c t o r  s t r u c t u r e .  
The use  of  the  e lec t roformed honeycomb s t i f f e n i n g  
s t r u c t u r e  w o u l d  a l l o w  t h e  d e s i g n  o f  a c o l l e c t o r  s t r u c t u r e  w h i c h  w o u l d  
b e  somewhat l i g h t e r  t h a n  t h e  t o r o i d a l l y  s u p p o r t e d  s h e l l  s t r u c t u r e .  
However, t he  r educed  co l l ec to r  pe r fo rmance  and  the  inc reased  the rma l  
dis tor t ion problems would no doubt  more than compensate  for  the weight  
s a v i n g ,  u n l e s s  t h e  s t i f f e n e r s  a r e  n e e d e d  t o  p r e v e n t  b u c k l i n g .  
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FIG. 3-4 'ONE-PIECE REFLECTIVE SKIN WITH HONEYCOMB BACKING STRUCTURE 
4 .  MANUFACTURING , TESTING, HANDLING , AND TRANSPORTATION 
The s t eps  invo lved  in  the  manufac tu re  o f  t he  l a rge  Bray ton  cyc le  
c o l l e c t o r s  w i l l  be  similar t o  t h o s e  d e v e l o p e d  f o r  smaller m i r r o r s  a t  
EOS. Aside  from  making  the master, t h e  d i f f i c u l t y  i n  making e l e c t r o -  
f o r m e d  r e p l i c a  m i r r o r s  d o e s  n o t  i n c r e a s e  p r o p o r t i o n a t e l y  w i t h  s i z e .  
I n  some cases, p r o c e s s  m o d i f i c a t i o n s  w i l l  b e  n e c e s s i t a t e d  b y  t h e  l a r g e r  
scale o f  t h e  b i g  m i r r o r s  , because  o f  t he  imprac t i ca l i t y  o f  hand l ing  
t h e  l a r g e r  c o m p o n e n t s  i n  w a y s  t h a t  are r e l a t i v e l y  s i m p l e  f o r  f i v e - f o o t  
mirrors .   However ,   very  few new t e c h n i c a l   p r o b l e m s   i n h e r e n t l y   r e l a t e d  
t o  t h e  l a r g e r  s i z e  are contemplated.  
The e l emen t s  o f  t he  p roposed  f ab r i ca t ion  p rocess  were summarized 
i n   S u b s e c t i o n  2 . 2 .  The m a i n   f e a t u r e s   o f   t h e   p r o c e s s   a r e   e x a m i n e d   i n  
g r e a t e r  d e t a i l  i n  t h i s  s e c t i o n .  
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4.1 Master Des ign   and   Fabr i ca t ion  
The f i r s t  m a n u f a c t u r i n g  s t e p  i s  t h e  d e s i g n  a n d  f a b r i c a t i o n  
of a g e o m e t r i c a l l y  a c c u r a t e  a n d  h i g h l y  p o l i s h e d  master. The master 
s u r f a c e  i s  t o  b e  a convex   parabolo id   o f   revolu t ion .   Severa l   t echniques  
h a v e  b e e n  d e v e l o p e d  f o r  g e n e r a t i n g  p a r a b o l o i d a l  s u r f a c e s  f o r  o p t i c a l  
e l emen t s .   Concave   pa rabo lo ida l   t e l e scop ic   mi r ro r s  are made by  gener- 
a t i n g ,  f i r s t ,  a s p h e r i c a l   s u r f a c e .  The c e n t e r   o f   t h e   s p h e r e  i s  t h e n  
deepened  by  hand  co r rec t ions  un t i l  t he  des i r ed  pa rabo lo id  i s  produced. 
This  i s  a l abor ious  and  exac t ing  p rocess  and  i s  o n l y  s u i t a b l e  f o r  v e r y  
s h a l l o w  c u r v e s ,  f o r  w h i c h  t h e  d i f f e r e n c e  b e t w e e n  t h e  s p h e r e  a n d  p a r a b -  
o l o i d  i s  s l igh t .   Deep ly   cu rved   shapes ,   such  as s o l a r   c o l l e c t o r s ,  
r equ i r e   o the r   me thods   o f   gene ra t ing   t he   su r f ace   con tour .   Seve ra l  
methods w i l l  b e  d e s c r i b e d  i n  t h i s  s e c t i o n .  
C o n s i d e r a t i o n  m u s t  a l s o  b e  g i v e n  t o  t h e  material from which 
t h e  master s u r f a c e  i s  formed.  Ground  and  polished  glass masters have 
b e e n  u s e d  s u c c e s s f u l l y  f o r  s o l a r  c o l l e c t o r s  up t o  f i v e  f e e t  i n  d i a m e t e r .  
The l a r g e s t  g l a s s  t e l e s c o p e  m i r r o r  i s  t h a t  of the  200-inch  Palomar 
te lescope .   However ,   cas t ing   the   b lank   for   the   Pa lomar   t e lescope  was a n  
e x t r a o r d i n a r i l y   d i f f i c u l t   c h a l l e n g e   t o   t h e   g l a s s   m a k e r s '  a r t .  For 
example,  an anneal ing per iod of  18 months was r e q u i r e d  t o  r e l i e v e  
stresses adequate ly .   Cas t ing   of  a g l a s s   b l a n k   f o r  a 20- o r   30 - foo t  
d iameter  master wou ld  be  o f  comparab le  o r  g rea t e r  d i f f i cu l ty  and  cos t .  
Although i t  i s  c o n c e i v a b l e  t h a t  t h e  master s u r f a c e  c o u l d  b e  b u i l t  up 
from smaller g lass  shee ts  (perhaps  s lump molded  over  a subs t r a t e  fo rm)  
t h e r e  are a t  l eas t  two o t h e r  m a j o r  o b j e c t i o n s  t o  u s e  o f  g l a s s  f o r  
l a r g e  c o l l e c t o r  masters: 
1. Glass masters may b e  c r a c k e d  o r  b r o k e n  d u r i n g  p l a t i n g  i f  
p l a t i n g  stresses are n o t  a d e q u a t e l y  c o n t r o l l e d  o r  i f  t h e  p a r t -  
i n g  l a y e r  a d h e s i o n  i s  e x c e s s i v e .  
2. P a r t i n g  i s  more d i f f i c u l t  f rom  g lass   mas ters   because  of t h e  
g r e a t e r  a d h e s i o n  o f  t h e  p a r t i n g  l a y e r  t o  g l a s s  as compared 
wi th  o the r  p roposed  materials. 
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Although i t  i s  t e c h n i c a l l y  f e a s i b l e  t o  make a 30- foot  d iameter  master 
o f  g l a s s ,  p r a c t i c a l  c o n s i d e r a t i o n s  w e i g h  h e a v i l y  a g a i n s t  c o n s i d e r i n g  
g l a s s  masters f o r  t h i s  a p p l i c a t i o n .  
Fo r tuna te ly ,  s eve ra l  o the r  me thods  and  materials are avail-  
a b l e .  T h i s  s e c t i o n  w i l l  b e g i n  w i t h  a d e t a i l e d  d e s c r i p t i o n  o f  f o u r  
such   methods :   t empla te   machin ing ,   b lade   g r inding ,   p las t ic   over lay ,   and  
s p i n  c a s t i n g .  T h i s  w i l l  be  followed  by a compara t ive   eva lua t ion   and  
recommendat ions for  the ful l -scale  mirror  development  program. 
4.1.1 Template  Machining 
4.1.1.1 P r o c e s s   D e s c r i p t i o n  
I n  t h i s  p r o c e s s ,  t h e  m a s t e r  c o n s i s t s  o f  a 
r i g i d  s u b s t r u c t u r e  c o a t e d  w i t h  a p o l i s h a b l e  material. The s u r f a c e  
i s  shaped and polished by a templa te -guided  gr inding  and  pol i sh ing  
t o o l  s u p p o r t e d  i n  a s u i t a b l e  t r a v e r s i n g  mechanism. 
A schematic diagram of a t y p i c a l  s e t u p  i s  
shown i n   F i g .  4-1. The master s u b s t r u c t u r e   m u s t   b e   q u i t e   r i g i d   t o  
w i t h s t a n d  stresses encoun te red  du r ing  po l i sh ing  and  p l a t ing  o f  t he  m i r -  
r o r .  The s u b s t r u c t u r e  i s  b u i l t  up f r o m   f a b r i c a t e d  s tee l .  The upper 
s u r f a c e  i s  a welded s t ee l  s h e l l  formed t o  t h e  a p p r o x i m a t e  c u r v a t u r e  
o f  t h e  f i n a l  master. I f  n e c e s s a r y ,  t h e  s t ee l  s u r f a c e  would  be  machined 
(us ing  the  method descr ibed  be low)  to  br ing  the  sur face  more n e a r l y  
i n t o   c o n f o r m i t y   w i t h   t h e   p a r a b o l o i d a l   s h a p e .  A t  t h i s  p o i n t ,  a l i n e a r  
d e v i a t i o n  o f  n o t  more than  +1/8 t o  114 i n c h  i s  adequate .  The master 
s u r f a c e  i s  then  coa ted  wi th  a l a y e r  o f  f i l l e d  e p o x y  r e s i n  b e t w e e n  
318 inch  and 314 i n c h   t h i c k n e s s .   A f t e r   c u r i n g ,   t h i s   l a y e r  i s  machined 
t o  w i t h i n  *1/16 inch  o f  t he  pa rabo lo ida l  cu rve .  A f i n a l  s u r f a c e  l a y e r  
of a p o l i s h a b l e   m a t e r i a l  i s  t h e n   a p p l i e d .   T y p i c a l l y ,   t h i s   l a y e r   w o u l d  
b e   a n   u n f i l l e d   e p o x y   o r   p o l y e s t e r   p l a s t i c .   ( S p e c i f i c   r e s u l t s   r e g a r d -  
i n g  p o l i s h i n g  e x p e r i m e n t s  f o r  t h e s e  materials are d iscussed  in  Appendix  
C. )  T h i s   s u r f a c e   l a y e r  i s  then   g round   and   po l i shed   t o   t he   bes t   accu -  
r a c y  a n d  s u r f a c e  f i n i s h  o b t a i n a b l e .  
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FIG. 4-1 TEMPLATE MACHINING OF PARABOLOIDAL  MASTER 
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A l l  machin ing ,  gr inding ,  and  pol i sh ing  opera-  
t i o n s  a r e  a c c o m p l i s h e d  u s i n g  t h e  a p p a r a t u s  shown s c h e m a t i c a l l y  i n  F i g .  
4-1.  The mas ter  i s  mounted  on a r i g i d  b a s e .  A r ig id   overarm i s  mounted 
above   t he   mas te r   su r f ace .  An accura t e   t empla t e   o r  s e t  of templa tes  i s  
mounted on the   ove ra rm.   Th i s   t empla t e   (o r   t empla t e s )   gu ides   t he   mo t ion  
of a c a r r i a g e  w h i c h  i n  t u r n  c a r r i e s  t h e  m a c h i n i n g ,  g r i n d i n g ,  a n d  p o l i s h i n g  
t o o l s .  A d r i v e  mechanism i s  p r o v i d e d  t o  move t h e  c a r r i a g e  a l o n g  t h e  o v e r -  
a rm  be tween  the   cen ter   and  r i m  of   the  master. A t  t h e  same time, the   over -  
arm i s  r o t a t e d  a b o u t  t h e  m a s t e r  o p t i c a l  a x i s .  The ou te r   end  of t he   ove r -  
arm i s  supported  by a f l a t  b e a r i n g .  I n  t h i s  way, a l l  p o i n t s  on t h e  m i r r o r  
sur face   can   be   reached .  (An a l t e r n a t e ,   b u t   e q u i v a l e n t ,   a r r a n g e m e n t   c a n   b e  
dev i sed  in  wh ich  the  ove ra rm rema ins  f ixed  and  the  mas te r  ro t a t e s  abou t  i t s  
o p t i c a l  a x i s  .) I n  t h i s  c a s e ,  t h e  m a s t e r  r o t a t i o n  m u s t  b e  h e l d  so t h a t  RPN 
x r x I< f 25%, where r i s  t h e  r a d i u s  a t  which machining occurs,  K a con- 
s t a n t  a n d  RPK t h e  r o t a t i o n s  p e r  minute .  A v a r i e t y  of tools   can  be  used 
depending on t h e  p a r t i c u l a r  o p e r a t i o n :  
1. S i n g l e   p o i n t   c u t t e r s   f o r   r o u g h   m a c h i n i n g  
2 .  R o t a t i n g   f o r   w h e e l s   f o r   g r i n d i n g   o r   p o l i s h i n g  
3 .  V i b r a t i n g   t o o l s   f o r   f i n e   g r i n d i n g   o r   p o l i s h i n g  
The gu ide  t empla t e s  a re  cu rves  deve loped  f rom the  idea l  pa rabo la  in  such  
a way t h a t  t h e  t o o l  w i l l  t r a v e r s e  t h e  d e s i r e d  c u r v e  w h i l e  a t  a l l  times 
remaining a t  t h e  p r o p e r  a n g l e  w i t h  t h e  s u r f a c e .  
The master  i s  m a i n t a i n e d  a t  a c o n s t a n t  t e m p e r -  
a tu re  du r ing  the  g r ind ing  and  po l i sh ing  ope ra t ions  and  th roughou t  t he  mi r ro r  
p l a t i n g  o p e r a t i o n s  . This   temperature  i s  t o  b e  e q u a l  t o  t h e  b a t h  p l a t i n g  
temperature and i s  maintained by a the rmos ta t i ca l ly  con t ro l l ed  wa te r  pas sage  
be low  the   su r f ace   she l l   o f   t he   mas te r  (see Subsect ion  4 .2 .1) .   Maintenance 
of t h e  c o n s t a n t  t e m p e r a t u r e  i s  necessa ry  to  min imize  the rma l  s t r e s s ing  and  
d i s t o r t i o n  o f  t h e  p l a s t i c  s u r f a c e  l a y e r .  
4 . 1 . 1 . 2   C u r r e n t   S t a t u s  
I n  a l l  i t s  e s s e n t i a l  f e a t u r e s ,  t h i s  p r o c e s s  i s  
ak in  to  conven t iona l  mach in ing  ope ra t ions  as w e l l  as c o n v e n t i o n a l  o p t i c a l  
g r ind ing   and   po l i sh ing   t echn iques .  I t  d i f f e r s   f r o m   c o n v e n t i o n a l  
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p r a c t i c e  o n l y  i n  s i z e  a n d  i n  t h e  s p e c i f i c  c o n f i g u r a t i o n  o f  t h e  e q u i p -  
ment. 
An e v a l u a t i o n  o f  t h e  p r o c e s s  f o r  m a k i n g  s o l a r  
c o l l e c t o r  masters has  been performed a t  EOS o n  t h r e e  d i f f e r e n t  s c a l e s ,  
2 - foo t ,   10 - foo t ,   and   44 .5 - foo t   d i ame te r .  
Two-Foot Diameter One-Piece Master. On a 
previous program a t  EOS, a 2 - foo t  d i ame te r  pa rabo lo ida l  mas te r  and  
machining  set-up was made t o   e v a l u a t e   t h i s   p r o c e s s .   T h i s   s e t u p  i s  
shown i n   F i g .   4 - 2 .  The templa tes  are p a r a b o l i c  cams p l a c e d   o n   e i t h e r  
s i d e  o f  t h e  master. A s t r a igh t   edge   p l aced   be tween   t he  two r a i l s  i s  
approx ima te ly   t angen t   t o   t he  master s u r f a c e .  A c a r r i a g e  r i d e s  o n  t h e s e  
ra i ls  and i s  moved back  and  fo r th  by a dr ive  mechanism.  The master 
s u b s t r u c t u r e  c o n s i s t s  o f  a s tee l  tankhead  wi th  a welded  base  p la te .  
The tankhead was coa ted  wi th  a t h i c k  l a y e r  o f  f i l l e d  e p o x y  r e s i n  t h a t  
was machined t o   t h e   a p p r o x i m a t e   c u r v a t u r e   d e s i r e d .  On t h e   p r e v i o u s  
p r o g r a m ,  t h e  s u r f a c e  l a y e r  material  was a n  u n f i l l e d  l a y e r  o f  p o l y e s t e r  
res in .   Machin ing ,   g r ind ing ,   and  pol ishingwereaccomplished by a s i n g l e  
p o i n t  c u t t e r  o r  a r o t a r y  power head  mounted  on  the  car r iage  to  per form 
the   va r ious   mach in ing ,   g r ind ing ,   and   po l i sh ing   ope ra t ions .   Dur ing   t he  
previous program, a ser ies  of experiments was r u n  i n  w h i c h  t h e  m a s t e r  
was machined and ground to shape using a h igh  speed  rou te r  as t h e  c u t -  
t i n g   t o o l .   F i n a l   p o l i s h i n g  was then  done by hand. It w a s  f o u n d   t h a t  
a sa t i s f ac to ry  geomet ry  cou ld  be  ob ta ined  du r ing  the  mach in ing  and  
g r ind ing   ope ra t ions .   A l though ,   hand   po l i sh ing   p roduced   an   exce l l en t  
f i n i s h ,  t h e  p r e s s u r e  i r r e g u l a r i t i e s  d e g r a d e d  t h e  g e o m e t r y  somewhat dur-  
i n g  t h e  p o l i s h i n g  p h a s e .  S e v e r a l  r e p l i c a  m i r r o r s  were made from t h i s  
master . 
On t h e  p r e s e n t  p r o g r a m ,  t h i s  master was re- 
ac t iva t ed  wi th  the  ob jec t ive  o f  con t inu ing  po l i sh ing  expe r imen t s  t o  see 
i f  b e t t e r  r e s u l t s  c o u l d  b e  o b t a i n e d  by completely mechanical methods.  
A p r e l i m i n a r y  ser ies  of experiments was run  to  check  ou t  t he  equ ipmen t .  
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A t  a b o u t  t h i s  t i m e  i n  t h e  p r o g r a m ,  t h e  m a c h i n e  f o r  p o l i s h i n g  s e g m e n t s  
of a l o - f o o t  m i r r o r  was p u t  i n t o  o p e r a t i o n  o n  a n o t h e r  p r o g r a m  a t  EOS 
(see nex t   Subsec t ion ) .  It was f e l t  t o  b e   r e d u n d a n t   t o   e v a l u a t e   t h e  
same process   on  two d i f f e r e n t   p r o g r a m s  a t  EOS. T h e r e f o r e ,   t h e  two- 
f o o t  d i a m e t e r  master equipment was mod i f i ed  to  pe r fo rm the  b l ade  g r ind -  
i n g  p r o c e s s  (see S e c t i o n  4 . 1 . 2 ) .  
Segment Masters for  10-Foot  and 44.5-Foot  
Diameter Mir rors  
Under a ser ies  of  programs, EOS has  been 
inves t iga t ing  me thods  o f  mak ing  segmen t s  fo r  fu r l ab le  10 - foo t  and  
4 4 . 5 - f o o t   d i a m e t e r   s o l a r   c o l l e c t o r s .  The f i r s t  program was on   the  
l a rge r  d i ame te r  mi r ro r  and  was aimed a t  p r o v i n g  t h e  f e a s i b i l i t y  of t h e  
monocoque s t r u c t u r a l  t e c h n i q u e  f o r  f a b r i c a t i n g  l a r g e ,  l i g h t w e i g h t  m i r -  
r o r s .  The mir ror   e lements   deve loped  on th i s   p rog ram were approximate ly  
20- fee t   long   and   5- fee t   wide .  The master f a b r i c a t i o n   s e t - u p  i s  as 
shown in   F ig .   4 -3 .   Inasmuch as t h e   o b j e c t i v e   o f   t h i s   p r o g r a m  was t o  
p r o v e  t h e  s t r u c t u r a l  f e a s i b i l i t y  o f  l a r g e  s e g m e n t s ,  n o  e f f o r t  was made 
t o  c o m p l e t e l y  f i n i s h  t h e  master s u r f a c e .  It was machined  and  roughly 
p o l i s h e d   t o   t h e   a p p r o x i m a t e   c o n t o u r .   O p t i c a l   r e p l i c a t i o n   p r o p e r t i e s  
were determined by means o f  f l a t  g l a s s  i n s e r t s  p l a c e d  i n  t h e  master 
s u r f a c e  a t  known l o c a t i o n s .   F i g u r e   4 - 3  shows the   i n se r t s   be ing   moun ted  
i n  t h e  master s u r f a c e .  The a n g l e s   o f   r a y s   f r o m   t h e s e   i n s e r t s  were 
compared   wi th   those   f rom  the   rep l ica ted   mir ror .   This   p rogram  d id ,  
h o w e v e r ,  p r o v e  t h e  f e a s i b i l i t y  of the  cam-guided  machin ing ,  gr inding ,  
and  po l i sh ing  p rocess .  
Under a more recent  program,  a more h i g h l y  
sophis t ica ted  machine  of  the  same type  has  been  developed  for  making  seg-  
ments of 1 0 - f o o t   d i a m e t e r   f u r l a b l e   m i r r o r s .   I n   t h i s   c a s e ,  two se t s  of  cam 
r a i l s  are p r o v i d e d  i n  o r d e r  t o  p o s i t i o n  t h e  t o o l  a t  a l l  times perpen- 
d i c u l a r  t o  t h e   t r u e   p a r a b o l o i c   s u r f a c e .  Great c a r e   h a s   b e e n   e x e r t e d   t o  
m i n i m i z e   e r r o r s   r e s u l t i n g   f r o m   m a c h i n e   t o l e r a n c e s   o r   d e f l e c t i o n s .  The 
master s u b s t r a t e  i s  a n   i r o n   c a s t i n g .   T h i s  i s  machined t o  t h e  p a r a b o l i c  
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curve  us ing  a r o t a t i n g  g r i n d i n g  w h e e l  h a v i n g  i t s  a x i s  p a r a l l e l  t o  t h e  
s u r f a c e .  The master s u r f a c e  i s  t h e n c o v e r e d  w i t h  a l a y e r  o f  p o l y e s t e r  
r e s i n   a p p r o x i m a t e l y  1 / 4  i n c h   t h i c k .   T h i s   s u r f a c e  i s  a l so   rough  machined  
w i t h  t h e  r o t a t i n g  w h e e l .  T h i s  t o o l  i s  then  r ep laced  by  a v i b r a t i n g  
too l   which  moves i n  a p l a n e  t a n g e n t  t o  t h e  master s u r f a c e .  The 
a b r a s i v e  medium i s  Polysand cloth of  varying grades mounted on t h e  
v i b r a t o r   w i t h  a sponge  rubber  backup. The t o o l  i s  s lowly  moved from 
one  end  of  the master t o  t h e  o t h e r  as the  overarm pivots  about  the  
o p t i c a l   a x i s .   I n i t i a l   r e s u l t s   l o o k   p r o m i s i n g .  Tests are under way t o  
e v a l u a t e  
f a c t o r s :  
1. 
2 .  
3 .  
4. 
5. 
6 .  
t he  master accu racy  and  r e f l ec t ance  ob ta inab le  by t h i s  method. 
4.1.1.3 Accuracy  Considerat ions 
Master accuracy  i s  c o n t r o l l e d  by s e v e r a l  
R i g i d i t y  of mas te r  s t ruc tu re  and  ove ra rm s t ruc tu re  
Bear ing   to le rances  
Template accuracy 
Thermal  condi t ions 
Tool wear 
R e s i l i e n c y  o f  t o o l  o r  s u r f a c e  m a t e r i a l  
T h e s e  f a c t o r s  a r e  common t o  a l l  convent ional  machining processes ,  of  
which t h i s  i s  an  example.  There i s  n o t h i n g   u n i q u e   a b o u t   t h i s   p a r t i c u l a r  
process  except  tha t  the  equipment  i s  d e s i g n e d  s p e c i f i c a l l y  t o  f o r m  a 
p a r t i c u l a r   s h a p e .  
A c r i t e r i o n  f o r  m a s t e r  a c c u r a c y  m u s t  be e s t a b -  
l i s h e d  as a bas i s  fo r  eva lua t ing  mach in ing ,  g r ind ing ,  and  po l i sh ing  
a c c u r a c y   l i m i t a t i o n s .  A s u r f a c e  s l o p e  e r r o r  of  one  minute  of a r c  i s  a 
u s e f u l  c r i t e r i o n .  E r r o r s  less t h a n  t h i s  amount w i l l  have  no  measurable 
e f f e c t  on co l l ec to r   pe r fo rmance .  An a n g u l a r  e r r o r  of  one  minute  of 
a r c  c o r r e s p o n d s  t o  a g r a d i e n t  of  one m i l  i n  3 .44  inches  (or  10 m i l s  i n  
34 .4  i nches ) .   The re fo re ,   conven t iona l   mach ine   des ign   p rac t i ce   shou ld  
b e  a d e q u a t e  t o  e l i m i n a t e  s i g n i f i c a n t  e r r o r s  f r o m  b e a r i n g  s l o p  a n d  l a c k  
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o f  s t r u c t u r a l  r i g i d i t y .  The g u i d e   t e m p l a t e s   c a n   b e   r e a d i l y   f o r m e d   t o  
an  accuracy  of  f10 m i l s  f r o m  t h e  i d e a l  c u r v e  o v e r  t h e i r  e n t i r e  l e n g t h .  
Thermal problems can be minimized by mainte- 
nance   o f   cons t an t   t empera tu re   cond i t ions .   Fo r   example ,   i f   t he  master 
s t r u c t u r e  i s  s teel  w i t h  a n  a v e r a g e  d e p t h  o f  t h r e e  f e e t ,  t h e n  a d j a c e n t  
areas 34 i nches  apa r t  mus t  be  he ld  wi th  t empera tu re  extremes of approx- 
i m a t e l y  30 F t o  m a i n t a i n  t h e  s u r f a c e  f i g u r e  w i t h i n  o n e  m i n u t e  o f  arc. 
This  i s  r ead i ly  accompl i shed  by  us ing  c i r cu la t ing  water passages  
benea th  the  master su r face  and  by  ho ld ing  the  gene ra l  master environment 
a t  a f a i r l y  c o n s t a n t  t e m p e r a t u r e .  
0 
There fo re ,  t he  ma in  sources  o f  e r ro r  wou ld  
seem t o  b e  t o o l  wear and  the  r e s i l i ence  o f  t he  too l  and  the  master s u r -  
f ace .   Th i s   has   been   qua l i t a t ive ly   conf i rmed   by   expe r imen t s  a t  EOS on 
ano the r   p rog ram.   However ,   quan t i t a t ive   va lues   fo r   e r ro r s   t o   be   expec t -  
ed  from  these  sources  must await f u r t h e r   t e s t i n g .   V i s u a l   e x a m i n a t i o n  
of  the  sur faces  produced  s o  f a r  i n d i c a t e  t h a t  maximum e r r o r s  may con- 
s ide rab ly  exceed  one  minu te  o f  a r c  in  loca l  a r eas  of t h e  s u r f a c e ,  b u t  
t h e  mean e r ro r s  shou ld  be  adequa te ly  small f o r  good co l l ec to r  pe r fo rm-  
ance.  
4 .1 .2   Blade   Gr inding  
I n  t h e  p r e v i o u s  s e c t i o n ,  a master f a b r i c a t i o n  p r o c e s s  
us ing  a template   guided  machine was d e s c r i b e d .  However, i t  i s  a l s o  
p o s s i b l e  t o  g e n e r a t e  a pa rabo lo id  o f  r evo lu t ion  th rough  the  use  o f  t he  
i n h e r e n t   p r o p e r t i e s   o f   t h e   p a r a b o l o i d a l   g e o m e t r y .  A p r o c e s s   f o r   d o i n g  
t h i s  i s  known as b l a d e  g r i n d i n g .  
4 .1 .2 .1   P rocess   Desc r ip t ion  
The b l a d e  g r i n d i n g  p r o c e s s  i s  der ived  f rom 
a f u n d a m e n t a l   g e o m e t r i c   p r o p e r t y   o f   p a r a b o l o i d s   o f   r e v o l u t i o n :   i f  a 
p a r a b o l o i d  o f  r e v o l u t i o n  i s  c u t  by a f a m i l y  o f  p l a n e s  l y i n g  p a r a l l e l  
t o  t h e  a x i s  o f  t h e  p a r a b o l o i d ,  t h e  i n t e r s e c t i o n s  o f  t h e s e  p l a n e s  w i t h  
t h e  p a r a b o l o i d a l  s u r f a c e  w i l l  be a f a m i l y   o f   i d e n t i c a l   p a r a b o l a s .  No 
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o t h e r  s u r f a c e  of r e v o l u t i o n ,  when s e c t i o n e d  i n  t h i s  manner w i l l  form 
a f a m i l y   o f   i d e n t i c a l   c u r v e s   o f   a n y   t y p e .   T h e r e f o r e ,  a machine  can 
be  dev i sed  wh ich  w i l l  a u t o m a t i c a l l y  g e n e r a t e  a p a r a b o l o i d  o f  r e v o l u t i o n .  
This  i s  done as shown i n  F i g .  4 - 4 ,  by r o t a t i n g  a s u r f a c e  o f  r e v o l u t i o n  
about  i t s  a x i s  a n d  g r i n d i n g  i t  w i t h  a f l a t  b l a d e  w h i c h  i s  main ta ined  
a t  a l l  times p a r a l l e l  t o  t h e  a x i s  o f  t h e  s u r f a c e  of r e v o l u t i o n  a n d  i s  
moved back  and  fo r th  f rom one  s ide  o f  t he  ro t a t ing  su r face  to  the  o the r .  
I f  t h e  r o t a t i n g  s u r f a c e  i s  n o t  a p a r a b o l o i d ,  ( a n d  i f  t h e  b l a d e  i s  n o t  
a co r re spond ing  pa rabo la )  t he  b l ade  and  the  ro t a t ing  su r face  w i l l  make 
o n l y  p a r t i a l  c o n t a c t .  Then both w i l l  w e a r  p r e f e r e n t i a l l y  u n t i l  t h e y  
make f u l l   c o n t a c t   t h r o u g h o u t   t h e   e n t i r e   c y c l e .  Under   these   condi t ions ,  
by the  p rev ious  geomet r i ca l  a rgumen t ,  t he  su r face  mus t  be  a p a r a b o l o i d  
of r evo lu t ion   and   t he   b l ade   mus t  be a p a r a b o l a .   T h i s   p r i n c i p l e  i s  v a l i d  
even i f   t h e   b l a d e  i s  n o t   o f   i n f i n i t e s i m a l   t h i c k n e s s .   I n   f a c t ,   t h e  
b l a d e  c a n  b e  o f  a n y  t h i c k n e s s ,  s i n c e  a t  a n y  p o s i t i o n  o n l y  a l i n e  con- 
t a c t  w i l l  e x i s t   b e t w e e n   t h e   b l a d e   a n d   t h e   r o t a t i n g   s u r f a c e .   T h e r e f o r e ,  
t h e  b l a d e  w i l l  wea r  i n to  a s a d d l e - s h a p e  s u r f a c e  ( i f  t h e  s u r f a c e  o f  
r e v o l u t i o n  i s  c o n v e x ) .   I f   t h e   b l a d e  i s  s e c t i o n e d  by p l a n e s   p a r a l l e l  
t o  t h e  f l a t  f a c e s ,  i n t e r s e c t i o n s  o f  t h e s e  p l a n e s  w i t h  t h e  b l a d e  " e d g e "  
w i l l  b e  t h e  same p a r a b o l a  as t h a t  o b t a i n e d  by s e c t i o n i n g  t h e  s u r f a c e  o f  
r evo lu t ion .   Bo th   convex   and   concave   su r f aces   o f   r evo lu t ion   can   be   gen -  
e r a t e d  by b lade   g r inding   wi th   approximate ly   equal   ease .   However ,   on ly  
convex masters are of i n t e r e s t  i n  t h e  p r e s e n t  d i s c u s s i o n  of s o l a r  
c o n c e n t r a t o r  f a b r i c a t i o n .  
Both t h e  b l a d e  a n d  t h e  r o t a t i n g  s u r f a c e  are 
p r e s h a p e d  t o  t h e  a p p r o x i m a t e  d e s i r e d  p a r a b o l o i d a l  s h a p e  i n  o r d e r  t o  
minimize the amount of m a t e r i a l  t o  b e  removed  and t o  a l l o w  b e t t e r  
c o n t r o l  o f   t h e   f o c a l   l e n g t h  o f  t h e   f i n a l   s u r f a c e .  The s t r u c t u r e  i s  made 
by a p r o c e s s  q u i t e  similar t o  t h a t  d e s c r i b e d  i n  S u b s e c t i o n  4 .1 .1 .1 .  
The s t r u c t u r e  i s  b u i l t  up f r o m  f a b r i c a t e d  s t e e l  wi th  an  uppe r  su r face  
of  welded s t e e l  formed t o  t he  approx ima te  cu rva tu re  o f  t he  f ina l  mas te r .  
This  w i l l  be  coa ted  wi th  a l aye r  o f  f i l l ed  epoxy  which  w i l l  be  b lade  
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g r o u n d  t o  t h e  d e s i r e d  c u r v a t u r e .  A f i n a l  l a y e r  o f  u n f i l l e d  p l a s t i c  
w i l l  be   appl ied   and   cured .  The b lade  w i l l  be  of p l a s t i c  s u c h  as 
a c r y l i c  o r  cast epoxy.  The master w i l l  be   maintained a t  a c o n s t a n t  
t e m p e r a t u r e  t h r o u g h o u t  t h e  f i n i s h i n g  a n d  p l a t i n g  o p e r a t i o n s .  
The master i s  mounted  on a l a r g e  s h a f t  s u c h  
t h a t  i t  c a n  be r o t a t e d  a b o u t  i t s  o p t i c a l  axis. The b l a d e  i s  moved 
back  and  for th  by a t r a v e r s i n g  mechanism i l l u s t r a t e d  s c h e m a t i c a l l y  i n  
F ig .  4 - 4 .  The b l a d e  i s  m a i n t a i n e d   p a r a l l e l   t o   t h e   o p t i c a l   a x i s  by 
means  of a p a r a l l e l o g r a m   l i n k a g e .  The b lade   suppor t  arms are p o s i t i o n e d  
by a ca r r i age  wh ich  moves back  and  for th  on  a pa i r  o f  accura te  machined  
ra i l s .  
G r i n d i n g  b e g i n s  i n  a conventional manner 
us ing   coa r se   powdered   ab ras ives .   Af t e r   t he   b l ade   and   ro t a t ing   su r f ace  
are  b r o u g h t   i n t o  good c o n t a c t  a t  e v e r y  p o i n t ,  t h e  s u r f a c e  f i n i s h  i s  
improved  us ing  succeed ing ly  f ine r  g rades  o f  powdered  ab ras ives  un t i l  
a f ine -g round   su r f ace  i s  obta ined .  The blade  edge i s  then   cove red   w i th  
a s u i t a b l e  p o l i s h i n g  l a p  material such as f e l t  and  po l i sh ing  i s  com- 
menced u s i n g  p o l i s h i n g  a g e n t s  a p p r o p r i a t e  t o  t h e  material from  which 
t h e  master s u r f a c e  i s  made. 
4 . 1 . 2 . 2  C u r r e n t   S t a t u s  
The p r i n c i p l e  of  t h e  b l a d e  g r i n d i n g  p r o c e s s  
f o r  g e n e r a t i n g  p a r a b o l i c  s u r f a c e s  o f  r e v o l u t i o n  h a s  b e e n  known f o r  
many yea r s .  Th i s  p rocess  was used  by  Bausch  and Lomb p r i o r  t o  a n d  d u r -  
ing the second world war f o r  f a b r i c a t i n g  f i v e - f o o t  d i a m e t e r  g l a s s  
s e a r c h l i g h t - m i r r o r s   f o r   m i l i t a r y   u s e .   A l t h o u g h   t h e   r e c o r d s   h a v e   b e e n  
l o s t ,  i t  i s  be l ieved   tha t   bo th   the   f ront   (concave)   and   back   (convex)  
s u r f a c e s   o f   t h e   g l a s s  masters were ground by b l a d e   g r i n d i n g .   P o l i s h i n g  
was accompl i shed  us ing  ro t a t ing  so f t  po l i she r s  moun ted  on o s c i l l a t i n g  
arms. A s  f a r  as i s  known, no   a t t empt  was made t o  c o r r e c t  t h e  f i g u r e  
gene ra t ed   i n   t h i s   manner .   These   g l a s s   mi r ro r s  are a c c u r a t e   w i t h i n   o n e  
t o  two minutes of arc mean a n g u l a r  d e v i a t i o n .  
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More r e c e n t l y ,  a form of  the  b lade  gr inding  
p rocess  has  been  used  fo r  mak ing  deep  pa rabo l i c  masters fo r  s ea rch -  
l i g h t  r e f l e c t o r s .  It i s  the  on ly  known economical  method  of  generat-  
ing  deep  parabol ic  sur faces  which  are f r e e  f rom concent r ic  zones  wi th in  
a minute  of  arc .  
The s u c c e s s f u l  u s e  o f  t h e  b l a d e  g r i n d i n g  
p r o c e s s  i n  t h e  p a s t  s t i m u l a t e d  i t s  e v a l u a t i o n  on the  p re sen t  p rogram as  
a method  of   forming   the   l a rge   Brayton   cyc le   co l lec tor  master. The two- 
foo t  d i ame te r  master w a s  c o n v e r t e d  t o  t h e  b l a d e  g r i n d i n g  p r o c e s s  a f t e r  
i n i t i a l  expe r imen t s  had  been  run  wi th  the  t empla t e  gu ided  mach in ing  
and   po l i sh ing   process .  The b lade   g r inding   machine  i s  i l l u s t r a t e d  i n  
F ig .  4-5.  Details of this   machine  and  the  experimental   program  and 
r e s u l t s  are g iven   in   Appendix  C .  I n  summary, i t  w a s  found  tha t   the  
p r o c e s s  r e a d i l y  g e n e r a t e d  p a r a b o l i c  s u r f a c e s  h a v i n g  maximum s l o p e  
e r r o r s  of t he   o rde r  of  one  minute of a r c   o r  less. Various  methods of 
o b t a i n i n g  a s a t i s f a c t o r y  s u r f a c e  p o l i s h  h a v e  b e e n  i n v e s t i g a t e d .  
4 .1 .2 .3   Accuracy   Cons idera t ions  
F a c t o r s  a f f e c t i n g  t h e  a c c u r a c y  o f  a b lade  
ground master inc lude :  
1. R i g i d i t y  of m a s t e r   s t r u c t u r e  
2. Alignment  of  blade  with master a x i s  
3 .  Uniformity  of   master   surface material and of b l a d e   m a t e r i a l  
4 .  Thermal   condi t ions 
5. R e s i l i e n c y  of p o l i s h i n g  l a p  
The b l ade  g r ind ing  p rocess  i s  l e s s  s e n s i t i v e  t o  m a c h i n e  t o l e r a n c e s  
than  i s  the   t empla te   gu ided   machin ing   process .   In   the   b lade   g r inding  
p r o c e s s ,  i t  i s  o n l y  n e c e s s a r y  t h a t  t h e  a x i s  of r o t a t i o n  be s t a b l e  and 
t h a t  t h e  b l a d e  b e  a l w a y s  h e l d  i n  a c o n s t a n t  a l i g n m e n t  w i t h  t h i s  a x i s .  
The b l ade  shou ld  be  nea r ly  pa ra l l e l  t o  t he  ax i s  bu t  mi sa l ignmen t  by a 
few degrees i s  no t  impor t an t  as long as the  a l ignment  be tween the  ax is  
and  the  blade i s  c o n s t a n t .   C o n s t a n t   a l i g n m e n t   c a n   b e   a s s u r e d   i f :  
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1. The c a r r i a g e  ra i ls  are s t r a i g h t   a n d   p a r a l l e l  
2. The pa ra l l e log ram  suppor t  arms are o f   equa l   l eng th  
3 .  The b e a r i n g s   i n   t h e   p a r a l l e l o g r a m   l i n k a g e ,   c a r r i a g e  t ravel ,  
and master r o t a t i o n  mechanism are f r e e  from slop 
Equa l  l eng th  pa ra l l e log ram a rms  can  be  a s su red  by  bu i ld ing  a p o s i t i v e  
l eng th   ad jus tmen t   i n to   t he   uppe r   a rms .  The r e q u i r e d   s t r a i g h t n e s s   o f  
t h e  c a r r i a g e  r a i l s  c a n  b e  c a l c u l a t e d  b y  c o n s i d e r i n g  t h e  b l a d e  t i l t i n g  
a n g l e   t o l e r a n c e .   I f   t h e   b l a d e   c h a n g e s   i n   a n g l e ,  i t  w i l l  no  longer 
confo rm  to   t he   pa rabo l i c   su r f ace .   I f ,   f o r   example ,   t he   b l ade  t i l t s  
t o w a r d  t h e  o p t i c a l  a x i s ,  i t  w i l l  p i v o t  a t  t h e  c e n t e r  p o i n t  a n d  t h e  
t i p s  w i l l  l i f t  away  from t h e  s u r f a c e .  The w o r s t  p o s s i b l e  s i t u a t i o n  
would  occur i f  t h e  g r i n d i n g  a c t i o n  was so r a p i d  t h a t  t h e  m a s t e r  
s u r f a c e  was b r o u g h t  i n t o  c o n t a c t  w i t h  t h e  t i l t e d  b l a d e  d u r i n g  o n e  p o r -  
t i o n  of a t r a v e r s e .   I n   t h i s   c a s e ,   t h e   a n g u l a r   e r r o r   w o u l d   b e   a p p r o x -  
i m a t e l y  g i v e n  by t h e  s e p a r a t i o n  o f  t h e  b l a d e  t i p  f r o m  t h e  i d e a l  p a r a b -  
o l o i d   ( i n   t h e   t i l t e d   c o n d i t i o n )   d i v i d e d  by t h e   l e n g t h   o f   c o n t a c t   b e -  
t w e e n   t h e   b l a d e   f r o m   t h e   c e n t e r   t o   t h e   t i p .   ( I n   r e a l i t y ,   t h i s   s i t u -  
a t i o n  c o u l d  n o t  o c c u r ,  s i n c e  a g r e a t  many t r a v e r s e s  a r e  r e q u i r e d  t o  
remove  even a small amount  of material f rom  the master s u r f a c e .  Some 
c o m p e n s a t i n g   e f f e c t s   w o u l d   t a k e   p l a c e   t o   r e d u c e   t h e   t o t a l   e r r o r . )  A s  
t h e   b l a d e  i s  t i l t e d ,  two e f f e c t s  t e n d  t o  i n c r e a s e  t h e  s e p a r a t i o n  
be tween the  b lade  and  the  master: 
1. The b l a d e   t i p  moves i n  a n  a r c  
2.  The master s u r f a c e  f a l l s  away f r o m   t h e   b l a d e   t i p   b e c a u s e  of 
i t s  l o c a l  s l o p e  a n g l e  ( e x c e p t  when t h e  b l a d e  i s  c r o s s i n g  a 
d iameter  of  the  mas ter )  
The f i r s t  e f f e c t  i s  ex t r eme ly   sma l l .  The l i f t i n g  o f   t h e   b l a d e   t i p   b e -  
c a u s e  o f  b l a d e  t i l t i n g  i s  p r o p o r t i o n a l  t o  t h e  c o s i n e  of t h e  t i l t  a n g l e .  
I f  t h e  b l a d e  i s  c r o s s i n g  a d i a m e t e r  o f  t h e  m i r r o r ,  t h e  e r r o r  a n g l e ,  
el , c a u s e d  b y  t i l t i n g  o f  t h e  b l a d e ,  6 ,  i s  g iven  by  
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2h 
C e = -  
1 
LC 
(1 - cos  6) 
o r  
where 
h = S a g i t t a  of con tac t   l i ne   be tween   b l ade   and  master 
L = Leng th   o f   con tac t   l i ne   be tween   b l ade   and  master 
C 
C 
For a 30- foot  master t h e  s a g i t t a  would be about 4 f e e t  and  the  contac t  
length between the blade and the master would  be  approximate ly  34  fee t .  
Then f o r  a one   minu te   o f   a r c   e r ro r   ang le ,  e t h e   b l a d e  t i l t  a n g l e  
would  be  about 4 . 0 
1' 
The second  e f f ec t  does  no t  occur  when t h e  
b lade  i s  c r o s s i n g  a diameter  of  the master (because  the  master has  no 
l o c a l  s l o p e  a n g l e  a t  t h a t  p o i n t )  a n d  i t  d i s a p p e a r s  as the  b l ade  
approaches  the  r i m  because  the  contac t  be tween the  b lade  and  the  mas ter  
approaches a s t r a i g h t  l i n e .  The maximum e f f e c t  i s  probably   approximate ly  
halfway  between  the  center   and  the r i m  of t h e  master. The a n g u l a r   e r r o r  
c o n t r i b u t e d  by t h e  s e c o n d  e f f e c t  i s  g iven  approximate ly  by 
2h s i n  6 t a n  CL 
C e =  2 L 
C 
o r  
e L  
6 =  
2 c  
arc sin [ 2hc t a n  p )  
where 
P = l o c a l   s l o p e   a n g l e  of master s u r f a c e  
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A t  a po in t  approximate ly  ha l fway be tween the  center  and  the  r i m  o f  t he  
mas te r ,  t he  sag i t t a  o f  t he  con tac t  l i ne  wou ld  be  approx ima te ly  3 f e e t ,  
the  length  of  contac t  would  be  approximate ly  30 f e e t ,  a n d  t h e  l o c a l  s l o p e  
angle   would  be  approximately  15 . For a one m i n u t e  o f  a r c  e r r o r  a n g l e ,  
t h e  b l a d e  tilt angle   would  be  about  1/2O. Actua l ly ,   however ,  a tilt a n g l e  
of a t  l e a s t  one degree  cou ld  be  to l e ra t ed ,  s ince  the  above  ana lys i s  de t e r -  
mines  the  dev ia t ion  f rom a g iven  pa rabo la  r a the r  t han  f rom the  bes t - f i t  
pa rabo la .   Fu r the rmore ,   because   o f   t he   r e l a t ive ly   s low  g r ind ing   ac t ion  
and var ious compensat ing e f f ec t s ,  i t  i s  p r o b a b l e  t h a t  a n  e v e n  l a r g e r  
b l a d e  tilt ang le   cou ld   be   t o l e ra t ed .   However ,  i t  i s  s i m p l e  t o  m a i n t a i n  
the  b l ade  ang le  wi th in  one  degree ,  by  conven t iona l  mach ine  des ign  p roce -  
dure  . 
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Side motion of t h e  b l a d e  h a s  n o t  b e e n ,  n o r  i s  
i t  e x p e c t e d  t o  b e ,  a problem. 
Un i fo rmi ty  o f  t he  b l ade  ma te r i a l  and  su r face  
m a t e r i a l  i s  of some impor t ance .   I f   t hese   ma te r i a l s   a r e   ex t r eme ly   non-  
u n i f o r m ,  p r e f e r e n t i a l  w e a r  may o c c u r  i n  t h e  s o f t e r  a r e a s  p r e v e n t i n g  f u l l  
contac t   f rom ever be ing   comple te ly   es tab l i shed .   However ,   wi th   reasonable  
c a r e  i n  p r e p a r i n g  t h e  s u r f a c e  m a t e r i a l  a n d  b l a d e ,  t h e  g e o m e t r i c  c o n s t r a i n t s  
imposed by the blade gr inding process  w i l l  t ake  p recedence  ove r  t he  e f f ec t s  
o f  ma te r i a l  nonun i fo rmi ty .  
R i g i d i t y  of  the blade i s  r e l a t i v e l y  u n i m p o r t a n t  
s i n c e  t h e r e  i s  no  apprec i ab le  we igh t  on t h e  b l a d e ,  t h e  p r o c e s s  i s  s e l f -  
c o r r e c t i n g .   P l a s t i c   b l a d e s ,   m e t a l   b a c k e d ,   h a v e   p e r f o r m e d   s a t i s f a c t o r i l y  
i n  t h e  g r i n d i n g  of 2 - foo t   mas te r s .   B lade   coo l ing ,  i f  r e q u i r e d ,  i s  e a s i l y  
accomplished by impinging a c o o l i n g  f l u i d  o n  t h e  b l a d e .  
R i g i d i t y  o f  t he  mas te r  s t ruc tu re  i s  i m p o r t a n t  t o  
e l imina te   bend ing  when t h e  b l a d e  i s  n e a r  t h e  r i m .  I t  i s  a l s o  i m p o r t a n t  
t ha t  t he  b l ade  suppor t  and  t r ave r s ing  mechan i sm be  r ig id  to  p reven t  cha t -  
t e r i n g .  However ,   the   b lade   suppor t   a rms   a re   a lways   in   t ens ion   or   compres-  
s ion  and  never  need  suppor t  any  s igni f icant  bending  moments .  
A s  i n  t h e  c a s e  of the  templa te  machin ing  process ,  
i t  i s  i m p o r t a n t  t o  m a i n t a i n  t h e  m a s t e r  a t  a c o n s t a n t  t e m p e r a t u r e  t o  m i n i -  
m i z e  t h e r m a l  d i s t o r t i o n  a n d  s t r e s s i n g .  
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Since  the  we igh t  o f  t he  b l ade  i s  spread over  a 
f a i r l y  l a r g e  a r e a ,  r e s i l i e n c e  o f  t h e  s u r f a c e  m a t e r i a l  d o e s  n o t  seem t o  be 
a ser ious  problem.  However ,   the   blade i s  coun te r   we igh ted   t o  p e r m i t  any 
r equ i r ed   su r f ace   p re s su re   t o   be   imposed .   Speed   con t ro l   on   t he  master r o -  
t a t i n g  mechanism o r  t h e  b l a d e  t r a v e r s i n g  m e c h a n i s m  h a s  n o t  b e e n  c r i t i c a l  
i n   e x p e r i m e n t a l   s t u d i e s .  The r e l a t i v e   s p e e d s   o f   r o t a t i o n   a n d   t r a v e r s i n g  
w i l l  be  va r i ed  th roughou t  t he  p rocess  in  acco rdance  wi th  the  cha rac t e r -  
i s t ics  o f   t he   va r ious   g r ind ing   and   po l i sh ing   agen t s .   These   speeds  w i l l  
a l s o  b e  v a r i e d  t o  e l i m i n a t e  t h e  p o s s i b i l i t y  o f  e r r o r s  b e i n g  i n t r o d u c e d  
i n t o  t h e  s u r f a c e  b e c a u s e  o f  p e r i o d i c a l l y  r e p e a t i n g  p a t t e r n s  i n  t h e  m o t i o n s  
of  the  components.  
4 . 1 . 3   P l a s t i c   O v e r l a y   P r o c e s s  
4 . 1 . 3 . 1   P r o c e s s   D e s c r i p t i o n  
The p l a s t i c  o v e r l a y  p r o c e s s  p r o v i d e s  a method 
o f  p roduc ing  an  accu ra t e ,  po l i shed  mas te r  w i thou t  t he  necess i ty  fo r  po -  
l i s h i n g   t h e   s u r f a c e   a f t e r   g e n e r a t i n g   t h e   s u r f a c e   s h a p e .   I n   t h i s   p r o c e s s ,  
a m a s t e r  s u b s t r a t e  i s  p r e p a r e d  i n  t h e  same way a s  f o r  t h e  t e m p l a t e  m a c h i n -  
i n g  o r  b l a d e  g r i n d i n g  p r o c e s s e s .  The m a s t e r   c o n s i s t s   o f  a s t ee l  sub-  
s t ruc tu re  cove red  by  a l a y e r  o f  f i l l e d  e p o x y ,  w h i c h  i s  cured  and  ground 
a s  c l o s e l y  a s  p o s s i b l e  t o  t h e  f i n a l  d e s i r e d  c u r v a t u r e .  T h i s  g r i n d i n g  
opera t ions  would  be  done  e i ther  by  the  templa te  gr inding  or  b lade  gr inding  
p r o c e s s .  Next, a t h i n  (1/8 t o  1/4 i n c h )   s h e e t   o f   u n f i l l e d   p l a s t i c  i s  c a s t  
between two f l a t   g l a s s   p l a t e s .   ( T h e s e   g l a s s   p l a t e s   n e e d   b e   o n l y   o f   o r d i -  
n a r y  p l a t e  g l a s s  q u a l i t y ) .  A f t e r  t h e  p l a s t i c  l a y e r  h a s  g e l l e d  a n d  i s  s u f -  
f i c i e n t l y  s t i f f  t o  be handled,  i t  i s  p a r t e d  f r o m  t h e  g l a s s  p l a t e s  a n d  i s  
d r a p e d   o v e r   t h e   s u b s t r a t e   s u r f a c e .  I t  i s  then  drawn i n t o   c l o s e   c o n f o r m i t y  
w i t h  t h e  m a s t e r  s u b s t r a t e  s u r f a c e  e i t h e r  b y  m e c h a n i c a l  s t r e t c h i n g  o r  b y  
convent iona l  vacuum b a g   t e c h n i q u e s .   A f t e r   s u f f i c i e n t   s t r e t c h   h a s   o c c u r r e d  
t o  b r i n g  t h e  p l a s t i c  l a y e r  i n t o  c o n f o r m i t y  w i t h  t h e  s u b s t r a t e ,  c u r i n g  i s  
a l lowed  to   p roceed   to   comple t ion .  The s u r f a c e   l a y e r  i s  then  bonded  per- 
m a n e n t l y  t o  t h e  s u b s t r a t e .  
For a f u l l  s c a l e  3 0 - f o o t  m a s t e r ,  two methods a r e  
l e  f o r  c a s t i n g  a n d  a p p l y i n g  t h e  s u r f a c e  l a y e r .  I t  c a n   e i t h e r   b e  
a s i n g l e  p i e c e  membrane o r  a s  s e g m e n t s  t h a t  a r e  f o r m e d  t o  s h a p e ,  
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trimmed,  and  butt-joined.  The  second  method  would  involve  making  the 
s u r f a c e  l a y e r  i n  s e c t i o n s  small enough t o  b e  c a s t  f r o m  i n d i v i d u a l  g l a s s  
p l a t e s .  T h e s e  s e c t i o n s  m i g h t  b e  t y p i c a l l y  e i t h e r  p e t a l s  o r  h e x  s h a p e s .  
The f in i sh ing  ope ra t ion  wou ld  then  p roceed  wi th  the  fo l lowing  s t eps :  
1. 
2. 
3 .  
4 .  
5. 
6. 
7 .  
8. 
The s u b s t r a t e  s u r f a c e  would be marked off  with the desired 
p a t t e r n  o f  s e c t i o n s .  
The p l a s t i c  s e c t i o n s  would  be cas t  overs ize  be tween two g l a s s  
p l a t e s .  A f t e r  p a r t i a l l y  c u r i n g  t h e y  would  be  removed  from 
t h e  p l a t e s ,  d r a p e d  o v e r  t h e  master su r face ,  and  a l lowed  to  
comple t e   cu r ing .   Fo r   t h i s   s t ep ,   no   adhes ive  would  be  placed 
o n  t h e  s u b s t r a t e .  
The p l a s t i c  s e c t i o n  would  then  be  cu t  to  the  shape  of  the  
i n s c r i b e d  p a t t e r n  on t h e  s u b s t r a t e .  
It wou ld  then  be  l i f t ed  o f f  t he  subs t r a t e  and  s to red .  
The o ther  sur face  sec t ions  would  be  made i n  t h e  same manner. 
A f t e r  a l l  t h e  s e c t i o n s  h a v e  b e e n  f i n i s h e d ,  t h e y  w o u l d  b e  
bonded t o  t h e  s u b s t r a t e  s u r f a c e ,  o n e  a t  a time, l eav ing  a 
v e r y  s l i g h t  g a p  b e t w e e n  e a c h  s e c t i o n .  
The g a p s  w o u l d  t h e n  b e  f i l l e d  w i t h  l i q u i d  p l a s t i c  o f  t h e  
same t y p e  u s e d  f o r  t h e  s u r f a c e  l a y e r .  
Af t e r  cu r ing ,  t he  jo in t s  wou ld  be  bu t t ed  ou t  by  hand t o  
produce a smooth t r a n s i t i o n  b e t w e e n  t h e  s e c t i o n s .  
An a l t e r n a t e  a p p r o a c h  i n v o l v e s  c a s t i n g  t h e  
p l a s t i c   s u r f a c e   l a y e r  as a s i n g l e   p i e c e .  The g l a s s   p l a t e s   b e t w e e n  
w h i c h   t h e   s u r f a c e   l a y e r  i s  c a s t  would  be made i n   s e c t i o n s .   T y p i c a l l y ,  
t h e s e   g l a s s   s e c t i o n s  would   be   approximate ly   t en   fee t   square .   Thei r  
edges   would   be   l apped   toge ther   to   p rovide  a good f i t .  The g l a s s   s e c -  
t i o n s  would be layed on a f l a t  p l a t t e n  and would be bonded together 
w i t h  c a s t  p l a s t i c  j o i n t s .  The upper   plate   would  be made i n  a s i m i l a r  
manner  and  would  have a l i f t i n g   f i x t u r e .   S p a c i n g   b e t w e e n   t h e  two 
p l a t e s  would be accomplished by means of small p l a s t i c  s p a c e r s  c a s t  of  
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t h e  material which i s  t o  u s e d  f o r  t h e  master s u r f a c e   l a y e r .   T h e s e  
w o u l d  h a v e  b e e n  p r e - c a s t  b e t w e e n  g l a s s  p l a t e s  a n d  c u t  t o  s i z e ,  t y p i c a l l y  
1 / 4  inch  diameter .   They  would  be  chosen  to   have  highly  uniform  thick-  
nes ses .   These   wou ld   be   p l aced   on   t he   su r f ace   o f   t he   l ower   p l a t e  a t  
spac ings   o f   about   one   foo t   apar t .  The l i q u i d  r e s i n  would  then  be 
poured on t h e   l o w e r   p l a t e ,   a n d   t h e   u p p e r   p l a t e   w o u l d   b e   l a y e d   i n  
p l ace .   Af t e r   t he   p rope r   cu r ing   pe r iod ,   t he   uppe r   p l a t e   wou ld   be  re- 
moved and a h a n d l i n g  r i n g ,  s l i g h t l y  o v e r  30 f e e t  i n  d i a m e t e r  would  be 
a t t a c h e d  t o  t h e  p l a s t i c  membrane.  The  membrane  would t h e n  b e  l i f t e d  
f rom the  lower  p l a t e ,  i nve r t ed ,  and  d raped  ove r  t he  master s u b s t r a t e  
s u r f a c e .  A l i q u i d   a d h e s i v e   w o u l d   b e   p l a c e d   o n   t h e   s u b s t r a t e   p r i o r   t o  
t h e  d r a p i n g  o p e r a t i o n .  
The f i r s t  a p p r o a c h  ( c a s t i n g  t h e  p l a s t i c  
l a y e r  i n  s e c t i o n s )  h a s  t h e  a d v a n t a g e  t h a t  i t  minimizes   the  handl ing  of  
l a r g e ,   b u l k y   s h e e t s  of p l a s t i c .  It a l so   min imizes   t he   amoun t   o f   s t r e t ch  
r e q u i r e d   f o r   e a c h   s e c t i o n .  However, b e c a u s e   o f   t h e   j o i n t s ,   t h e   s u r -  
f a c e  m i g h t  n o t  b e  q u i t e  a s  u n i f o r m  a s  t h a t  o f  a s i n g l e - p i e c e  s u r f a c e  
l a y e r .  
4 .1 .3 .2  C u r r e n t   S t a t u s  
Methods similar t o  t h e  p l a s t i c  o v e r l a y  t e c h -  
nique have been used for  many yea r s  fo r  mak ing  g l a s s  ob jec t s  such  as 
s e a r c h l i g h t   r e f l e c t o r s .  The d i f f i c u l t y  w i t h  g l a s s  i s  t h a t  t h e  e n t i r e  
s t r u c t u r e  m u s t  b e  h e a t e d  t o  t h e  s o f t e n i n g  p o i n t  of  g l a s s .  P l a s t i c s  h a v e  
the  advantage  tha t  the  process  can  be  per formed a t  o r  n e a r  room temper- 
a t u r e .  The p l a s t i c   o v e r l a y   p r o c e s s  i s  now u n d e r   i n t e n s i v e   i n v e s t i g a t i o n  
a t  EOS a s  a means  of  making l a r g e   l o w - c o s t   c o l l e c t o r  masters. Under 
ano the r  p rogram,  the  p rocess  has  been  inves t iga t ed  fo r  mak ing  pe ta l  
masters f o r   p e t a l l i n e   s o l a r   c o l l e c t o r s .   S e v e r a l   m a s t e r s   f o r   s e g m e n t s  
o f  10 - foo t  d i ame te r  un fu r l ab le  mi r ro r s  have  been  made s u c c e s s f u l l y .  
Resul t s   appear   mos t   encouraging .  The master s u r f a c e   f i n i s h  i s  v i r t u a l l y  
i n d i s t i n g u i s h a b l e   f r o m   t h a t   o f   p o l i s h e d   g l a s s   a n d  i s  r emarkab ly   f r ee  
f rom  geometr ic   defec ts   such  as waves   o r   r ipp les .   Exper iments  are being 
performed by EOS t o  assess t h e  f e a s i b i l i t y  o f  f o r m i n g  f u l l - c i r c l e  
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masters by t h i s   t e c h n i q u e .  An 18- inch   d iameter  master was made suc-  
c e s s f u l l y  u s i n g  a g l a s s  s u b s t r a t e .  T h i s  h a s  b e e n  f o l l o w e d  up  by  two- 
foo t  d i ame te r  masters having metal subs t r a t e s .  Resu l t s  have  been  ve ry  
promising.  A more d e t a i l e d  d e s c r i p t i o n  o f  t h e  e x p e r i m e n t a l  w o r k  w i l l  
be  g iven  in  Appendix  C. 
4 . 1 . 3 . 3  Accuracy  Considerat ions 
The a c c u r a c y  o f  t h e  f i n a l  master i s  determined 
bo th   by   t he   accu rac i e s   o f   t he   subs t r a t e   and   t he   su r f ace   l aye r .  The 
s u b s t r a t e  would be shaped by the  templa te  machin ing  or  b lade  gr inding  
processes   which   have   a l ready   been   d i scussed .   This   sec t ion  w i l l  be 
l i m i t e d  t o  t h e  c h a r a c t e r i s t i c s  of t h e  s u r f a c e  l a y e r .  
Several f a c t o r s  c o u l d  g i v e  r ise  t o  g e o m e t r i c  
e r r o r s  on t h e  m a s t e r  s u r f a c e .  I f  t h e  m a s t e r  s u b s t r a t e  i s  a n  a c c u r a t e  
pa rabo lo id  and  i f  t he  su r face  l aye r  i s  of c o n s t a n t  t h i c k n e s s ,  t h e n  t h e  
r e s u l t i n g   s u r f a c e  w i l l  no t   be   t rue   parabolo id .   Fur thermore ,   s ince   the  
f i n a l  s u r f a c e  l a y e r  i s  made b y  s t r e t c h i n g  a f l a t  s h e e t ,  some d i f f e r -  
e n t i a l   t h i c k n e s s   m u s t   o c c u r .   T h e s e  two types  of e r r o r s  a r e  i n h e r e n t .  
O t h e r  e r r o r s  r e s u l t i n g  f r o m  l a c k  of p r o c e s s  c o n t r o l  i n c l u d e :  
1. Nonuniform  thickness   of   surface  layer   caused by spac ing  
v a r i a t i o n s  b e t w e e n  g l a s s  p l a t e s .  
2 .  D i f f e r e n t i a l   s t r e t c h i n g   c a u s e d   b y   n o n u n i f o r m i t i e s  of s u r f a c e  
l a y e r  p r o p e r t i e s .  
3 .  Show-through  of  defects on s u b s t r a t e  s u r f a c e  o r  on back  sur-  
f a c e  of p l a s t i c  l a y e r ,  i n c l u d i n g  a i r  b u b b l e s ,  d i r t  p a r t i c l e s ,  
i n c l u s i o n s  i n  a d h e s i v e ,  e t c .  
4. Nonuniform  adhesive  thickness .  
The m a g n i t u d e s  o f  t h e  i n h e r e n t e r r o r s  c a n  b e  d e t e r m i n e d  a n a l y t i c a l l y .  
Those  r e su l t i ng  f rom p rocess  con t ro l  cons ide ra t ions  mus t  be  eva lua ted  
expe r imen ta l ly .  
I n h e r e n t   E r r o r s .   I f   t h e  master s u b s t r a t e  i s  
a n  a c c u r a t e  p a r a b o l o i d ,  t h e n  t h e  a d d i t i o n  o f  a c o n s t a n t  t h i c k n e s s  s k i n  
w i l l  no   longer   p roduce   an   exac t   parabolo id .  The e r r o r  i n t r o d u c e d  i n  
49 
t h i s  way can  be  de te rmined  by  ca lcu la t ing  the  angular  devia t ion  f rom 
t h e  b e s t - f i t  p a r a b o l o i d  of a s u r f a c e  t h a t  i s  separa ted  f rom a t r u e  
p a r a b o l o i d   b y   i s t a n c e ,   ( s k i n   t h i c k n e s s ) .  
Consider  a convex paraboloid having the form 
2 
Y -  -x_ 4f ( 4 - 3 )  
With  the  addi t ion  of  a c o n s t a n t  t h i c k n e s s  s k i n ,  a new s u r f a c e  w i l l  be 
formed. I f  t h e  new s u r f a c e  were a p a r a b o l o i d ,  i t  would  be  defined  by 
2 
y i  = x 
4 (f +A) 
t - to 
2 
(4-4)  
The d i f fe rence  be tween y and y' is  
2 r 2 
(' - 'parab.  "1 (4-5)  
0 
when t << f , 
0 
However ,   the   actual   d i f ference  between  the  curves  i s  
where 6 i s  the   ang le   be tween   t he   op t i ca l   ax i s   and  a r a d i u s  of c u r v a t u r e  
v e c t o r .  Then t h e  n e t  d i f f e r e n c e  b e t w e e n  t h e  a c t u a l  c u r v e  and a pa rabo la  
of f o c a l  l e n g t h  ( f  + 7) i s : t 0  
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The a n g u l a r  e r r o r  b e t w e e n  t h e  a c t u a l  c u r v e  a n d  t h e  i d e a l  p a r a b o l a  i s  
d4 
d s  
e = -  
where s i s  the   coord ina te   measured   a long   the   parabola .   For   any  
increment  of l eng th  a long  the  cu rve ,  
da dA 
ds  
- case - 
dX 
”
Approximately,  
(4-9) 
( 4 -  l o )  
(4- 11) 
Then f rom E q s .  4-8, 4 - 9 ,  4-10, and 4-11 : 
d4f2 - x2 (d 2f 2 
e =  
J4f2 - 8f2 
(4- 12) 
J4f2 - x2 2fX - 
2f ( (4r2 - x 2 ) 3 1 2  - -i; 4f 
5 1  
As s ume 
f = 14.4 f t  
x = 15 f t  ( r i m  of master) 
= 0 . 2 5   i n  = 0.0208 f t  
Then 
e = 1.94 x r a d i a n s  = 40 s e c s   o fa r c  
By s u b s t i t u t i n g  smaller v a l u e s  f o r  x, i t  c a n  b e  v e r i f i e d  t h a t  t h e  g r e a t -  
es t  e r r o r  o c c u r s  a t  t h e  r i m  (x = 15 f t ) .  
This  e r ror  could  be  e l imina ted  by  genera t ing  
t h e  s u b s t r a t e  as a s u r f a c e  a d i s t a n c e ,  to, below a t r u e  p a r a b o l o i d .  
However, t h i s  c o u l d  n o t  b e  d o n e  i f  t h e  s u b s t r a t e  i s  prepared  by t h e  
b l ade  g r ind ing  p rocess ,  wh ich  can  gene ra t e  on ly  pa rabo lo ida l  su r f aces .  
Furthermore,  as w i l l  be shown n e x t ,  i t  may n o t  b e  d e s i r a b l e  t o  a t t e m p t  
t o  e l i m i n a t e  t h i s  e r r o r  b e c a u s e  o f  a compensa t ing  e r ror .  
The s e c o n d  i n h e r e n t  e r r o r  i s  tha t  caused  by 
t h e  s t r e t c h i n g  of a f l a t  s h e e t  i n  o r d e r  t o  c o n f o r m  w i t h  t h e  p a r a b o l -  
o i d a l  s u r f a c e .  I n  t h i s  a n a l y s i s  i t  w i l l  be  assumed t h a t  t h e  s h e e t  
a c t s  as a n  e l a s t i c  d i a p h r a g m ,  w h i c h  i s  brought  down over  the  parabol -  
o i d a l   s u r f a c e   c o n t a c t i n g  i t  f i r s t  a t  t h e   c e n t e r .  The diaphragm i s  
t h e n  f u r t h e r  p u l l e d  down over  the master i n  s u c h  a way t h a t  a l l  s t r e t c h -  
i ng  i s  r a d i a l  ( c o n c e n t r i c  c i r c l e s  on the diaphragm move  down and  con- 
t a c t  t h e i r  p r o j e c t i o n s  o n  t h e  p a r a b o l o i d  w i t h o u t  i n c r e a s i n g  i n  c i r c u m -  
fe rence) .   S ince   the   p las t ic   vo lume  and   the   hoop  lengths   a re   cons tan t  
t d s  = c o n s t a n t  ( 4 -  13) 
where t i s  t h e   l o c a l   t h i c k n e s s  of t h e   s t r e t c h e d   s h e e t .  Each r a d i a l  
i n c r e m e n t ,  d x ,  o f  t h e  o r i g i n a l  ( f l a t )  s h e e t  s t r e t c h e s  t o  a l eng th   d s .  
But,  
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A t  t h e  c e n t e r  o f  t h e  master ( x = 0 ,  8 = 0 )  
t = t and  s  = dX 
0 
(4- 14) 
Then everywhere 
t d s  = todX 
(4- 15) 
F o r  t h e  s t r e t c h i n g  s k i n  t h e  d i f f e r e n c e  b e t w e e n  t h e  a c t u a l  c u r v e  a n d  
t h e   s u b s t r a t e   c u r v e ,   f r o m  Eq. (4-7) i s :  
But   using Eq. (4-15) 
( Y  - y f ) a c t u a l  
T h e r e f o r e ,  t h e  new s u r f a c e  
t 
case 
( to  case) 
= t = c o n s t a n t  case 0 
(4- 16) 
(4- 1 7 )  
i s  d i s p l a c e d  f r o m  t h e  p a r a b o l o i d a l  s u b s t r a t e  
s u r f a c e  by a c o n s t a n t  d i s t a n c e  i n  t h e  y d i r e c t i o n .  Then t h e  new s u r -  
f a c e  i s  a l s o  a pa rabo lo id .   Thus ,   t he  two i n h e r e n t  e r r o r s  a r e  e x a c t l y  
compensa t ing ,   unde r   t he   a s sumpt ions   u sed   i n   t h i s   ana lys i s .   Fu r the rmore ,  
t a k e n   i n d i v i d u a l l y ,   t h e y  are n e g l i g i b l y  small. The re fo re ,   even   i f  
p r e c i s e  c o m p e n s a t i o n  d o e s  n o t  o c c u r ,  t h e s e  e r r o r s  c a n  s t i l l  be  cons ide r -  
e d  n e g l i g i b l e .  
P rocess   Con t ro l   E r ro r s .  The e f f e c t   o f   p r o c e s s  
c o n t r o l  e r r o r s  o n  master g e o m e t r y  m u s t  b e  e v a l u a t e d  i n  r e l a t i o n  t o  t h e  
r e q u i r e d   d i m e n s i o n a l   t o l e r a n c e s .  As s t a t e d   a b o v e ,  a one  minute  of arc 
s l o p e  e r r o r  i s  e q u i v a l e n t  t o  a d imens iona l  e r ror  of  one  mil i n  
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3.44 i nches   o r  10 m i l s  i n  34.4 i nches .  Some o f   t h e   c a u s e s  of and 
r e n e d i e s  f o r  t h e  p r o c e s s e s  c o n t r o l  e r r o r s  w i l l  now be  cons idered .  
The t h i c k n e s s  o f  t h e  s u r f a c e  l a y e r  i s  con- 
t r o l l e d  by t h e   s p a c i n g   b e t w e e n   t h e   g l a s s   s h e e t s   d u r i n g   c a s t i n g .   T h i s  
s p a c i n g  c a n  b e  m o s t  r e a d i l y  c o n t r o l l e d  by us ing  space r s  p l aced  be tween  
t h e   g l a s s   s h e e t s .  The space r s   wou ld   be   p re -cas t   d i sc s   o f   t he  same 
material f rom  which   the   sur face   l ayer  i s  t o   b e  cast .  However, t h e  
spacers  would be made i n  a small s e t u p  w i t h  p r e c i s e l y  c o n t r o l l e d  s p a c -  
ing ,   such   tha t   hey   would   have  a uni form  th ickness .   Fur thermore ,   they  
wou ld  be  measu red  p r io r  t o  use  to  a s su re  th i ckness  un i fo rmi ty  wi th in  
1 o r  2 mils.  These  spacers   would  then  be  placed  about   between  the 
s u r f a c e s  o f  t h e  l a r g e  c a s t i n g  s h e e t s  a t  spac ings   o f   the   o rder  of one 
foo t   be tween   cen te r s .   Th i s   t echn ique   a l lows   accu ra t e   con t ro l  of s u r -  
f a c e   l a y e r   t h i c k n e s s   w i t h i n  a few mils over   any   des i red   span .   Note  
t h a t  t h e  g l a s s  c a s t i n g  s h e e t s  n e e d  n o t  b e  m a i n t a i n e d  f l a t  w i t h i n  t h i s  
t o l e r a n c e ,  a s  long a s  t h e  p a r a l l e l i s m  b e t w e e n  t h e  s h e e t s  i s  a c c u r a t e l y  
main ta ined .  
D i f f e r e n t i a l  s t r e t c h i n g  o f  t h e  s u r f a c e  l a y e r  
du r ing  the  d rap ing  ope ra t ion  i s  a n o t h e r  p o s s i b l e  s o u r c e  o f  e r r o r .  
This  could be caused by  nonun i fo rm cha rac t e r i s t i c s  o f  t he  su r face  mate- 
r i a l .  The former  has   been  successful ly   overcome  by  thorough  mixing 
of  the  res in  components  and  by  cur ing  under  cont ro l led  tempera ture  
c o n d i t i o n s .  T h i s  p r o b l e m  c a n  a l s o  b e  g r e a t l y  a l l e v i a t e d  b y  a l l o w i n g  
t h e  c u r e  t o  p r o c e e d  t o  a p o i n t  w h e r e  t h e  s u r f a c e  l a y e r  h a s  c o n s i d e r a b l e  
l o c a l   s t i f f n e s s ,   p r i o r   t o   d r a p i n g .   T h i s   a l s o   m i n i m i z e s   s h o w - t h r o u g h  
of d e f e c t s  on t h e  s u b s t r a t e  s u r f a c e  o r  t h e  l o w e r  s u r f a c e  of t h e  s k i n ,  
such a s  a i r  b u b b l e s ,  d i r t  p a r t i c l e s ,  o r  i r r e g u l a r i t i e s  i n  t h e  s u b s t r a t e  
s u r f a c e .  By choos ing   the   p roper  t i m e  f o r   d r a p i n g ,   t h e   s u r f a c e   l a y e r  
w i l l  be s u f f i c i e n t l y  f l e x i b l e  t o  c o n f o r m  t o  t h e  o v e r a l l  s u b s t r a t e  geom- 
e t r y  b u t  y e t  l o c a l l y  s t i f f  enough t o  b r i d g e  s m a l l - s c a l e  d e f e c t s  w i t h o u t  
s e r i o u s  show- through.  
The problem of  non-uni form adhes ive  th ickness  
can best  be overcome by: 
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1. Use of  a t h i n   a d h e s i v e   l a y e r  
2. Use of a s low  cur ing  and low v i s c o s i t y  a d h e s i v e  
3 .  Use of a resilient adhes ive  
The problem of  adhes ive  uni formi ty  i s  of  smal l  consequence  i f  the  
mas ter :   sur face   l ayer  i s  cast  as a s i n g l e - p i e c e  s k i n .  I n  t h i s  case; 
v e r y  l i t t l e  adhes ion  i s  r equ i r ed  be tween  the  su r face  l aye r  and  a sub- 
s t ra te .  The s u r f a c e   l a y e r   c a n   b e   m a i n t a i n e d   i n   c o n t a c t   w i t h   t h e   s u b -  
s t r a t e  by a mechanica l   locking   r ing  a t  t h e   e d g e .   I f   t h e   s u r f a c e   l a y e r  
i s  made i n  s e c t i o n s  some a d d i t i o n a l  a d h e s i v e  s t r e n g t h  i s  r e q u i r e d  . t o  
k e e p  t h e  i n d i v i d u a l  s e c t i o n s  f r o m  p e e l i n g  away f r o m  t h e  s u b s t r a t e  s u r -  
f ace   because   o f   r e s idua l  stresses.  Even so ,  t h e   l a r g e   b o n d i n g   a r e a  
a n d  t h e  r e l a t i v e  t h i n n e s s  o f  t h e  p l a s t i c  s k i n  i n d i c a t e  t h a t  r e l a t i v e l y  
l i t t l e  a d h e s i v e   s t r e n g t h  i s  r e q u i r e d .   I n  model t es t s  a t  EOS,  s u r f a c e  
s k i n s  h a v e  b e e n  f i r m l y  a t t a c h e d  b y  s u c h  r e s i l i e n t  a d h e s i v e s  as RTV 
s i l i c o n e  r u b b e r .  
F o r  t h e  s e c t i o n e d  m a s t e r  s u r f a c e ,  c a r e f u l  
c o n t r o l  of  adhes ive  th ickness  w i l l  be  r equ i r ed  p r imar i ly  nea r  t he  edges  
o f  t h e  s e c t i o n s  i n  o r d e r  t h a t  a d j a c e n t  s e c t i o n s  c a n  b e  s m o o t h l y  j o i n e d  
w i t h o u t  a d i s c o n t i n u i t y  i n  s u r f a c e  c u r v a t u r e .  The a c t u a l  j o i n t  i s  a 
f i l l e t  be tween  the  sec t ions  cas t  o f  t he  same p l a s t i c  m a t e r i a l  f r o m  
which   the   sk ins  are c a s t .  T h i s  j o i n t  would  be cast  i n  p l a c e  u s i n g  a 
f l e x i b l e ,  c o n f o r m i n g ,  p o l i s h e d  t o o l ,  w h i c h  a l s o  p r o v i d e s  p o s i t i v e  
a l ignmen t  be tween  the  ad jo in ing  sec t ions .  
4 .1 .4  S p i n   C a s t i n g  
I n  S e c t i o n  4 . 1 . 2  a p r o c e s s ,  b l a d e  g r i n d i n g ,  was 
descr ibed  which  genera tes  a p a r a b o l o i d  o f  r e v o l u t i o n  a u t o m a t i c a l l y  
th rough  the  use  o f  t he  inhe ren t  p rope r t i e s  o f  t he  pa rabo lo ida l  geomet ry .  
T h i s  s e c t i o n  d e s c r i b e s  t h e  s p i n  c a s t i n g  p r o c e s s ,  w h i c h  u s e s  a n o t h e r  
n a t u r a l  phenomenon t o  g e n e r a t e  a p a r a b o l o i d  o f  r e v o l u t i o n .  
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4.1.4.1 Process Description 
If  a partially  filled container of  liquid  is 
rotated  about a vertical axis,  the  free  surface of the  liquid, under 
the  combined  influence  of  gravitation  and centrifugal forces, will 
form  a paraboloid  of  revolution. The  focal length  of  the  paraboloid 
is  determined  only  by  the  local  gravitational attraction and  the 
speed  of  revolution. It is  in  no way a function of  the  physical  pro- 
perties  of  the  liquid. If  a liquid  is  caused  to  solidify while 
rotating, a permanent  paraboloidal  surface can be  formed. In order 
that  this  surface  be an accurate  paraboloid  and  be free from surface 
defects, 
1. 
2. 
3 .  
4. 
5. 
several requirements must be  met: 
The  liquid must be  one  that  solidifies  by becoming increasing- 
ly more viscous (rather than by having a definite freezing 
point)  and  that undergoes a very small volume  change between 
the  liquid  and  solid  phases. Epoxy plastic  resins  seem  to 
meet  these requirements sufficiently  to  be of interest  for 
collector  masters. 
During the casting operation,  the  rotational  speed  must  be 
held constant with extreme  accuracy  (within  one  part in 10 ). 
The rotating mechanism must be extremely  free from vibration, 
particularly  that  of a periodic  nature. 
The casting must be done in a dust-free atmosphere  to  prevent 
dust  particles from settling on the  surface,  causing  defects. 
Better results  are  obtained by enclosing the rotating vessel, 
to  prevent  air  currents from rippling  the  surface. 
Long-term,  low-temperature curing of  the  plastic  appears  to 
be essential to maintain low exotherm and  low  shrinkage  during 
cure. 
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The  process  described  above  is  amenable  only to the formation of concave 
surfaces. This means  that an additional convex  master  (called a sub- 
master) must be  made from the  concave  surface  prior  to  making  the final 
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m i r r o r .  The g e n e r a l   s t e p s   i n   m a k i n g   t h i s   s u b m a s t e r  are similar t o  
those   desc r ibed  la te r  f o r  making  e lectroformed  mirrors .   After   the  
convex  mas ter  has  been  e lec t roformed and  par ted  f rom the  or ig ina l  
c o n c a v e  p l a s t i c  master, t h e  p a r t i n g  l a y e r  i s  removed from the nickel 
s u r f a c e .  From t h i s   p o i n t   o n ,   t h e   p r o c e s s  i s  s i m i l a r   t o   t h a t   f o l l o w e d  
when us ing  mas te r s  made by  any  of  the  o ther  th ree  processes .  Fabr i -  
c a t i o n  of the  submaster  poses  some d i f f i c u l t  e n g i n e e r i n g  p r o b l e m s .  
The o r i g i n a l  c o n c a v e  p l a s t i c  m a s t e r  m u s t  h a v e  a n  e x t r e m e l y  r i g i d  
s t r u c t u r e  t o  p r e v e n t  v i b r a t i o n  f r o m  d e g r a d i n g  ' t h e  p l a s t i c  s u r f a c e  
du r ing  cu re .  The convex  submaster   must   a lso  have a r i g i d  s t r u c t u r e  
to  wi ths t and  subsequen t  hand l ing  and  p l a t ing  stresses. Accuracy  con- 
s i d e r a t i o n s  r e q u i r e  t h a t  t h i s  r i g i d  s t r u c t u r e  b e  a t t a c h e d  t o  t h e  e l e c -  
t roformed  n icke l   she l l   (which   forms   the   sur face   o f   the   submaster )  
be fo re   r emova l   o f   t ha t   she l l  from the   concave   or ig ina l   mas ter .   Thus ,  
t h e  p a r t i n g  o p e r a t i o n  i s  e x t r e m e l y  d i f f i c u l t  b e c a u s e  t h e  two l a r g e ,  
r i g i d   s t r u c t u r e s   a r e   i n   i n t i m a t e   c o n t a c t   o v e r  a l a r g e   a r e a .  So  f a r ,  
no way has  been  found  to  sepa ra t e  these  two components without de- 
s t r o y i n g  t h e  o r i g i n a l  p l a s t i c  master. This means t h a t  e a c h  p l a s t i c  
master  can be used only once.  
4.1.4.2 Cur ren t   S t a tus  
The s p i n  c a s t i n g  p r o c e s s  h a s  b e e n  known f o r  
many yea r s .  An a s t ronomica l   t e l e scope  was made a s  e a r l y  a s  1909 u s i n g  
a primary  mirror  formed  of a r o t a t i n g  p a n  of  mercury. It was suggested 
many y e a r s  a g o  t h a t  i f  a s u i t a b l e  h a r d e n i n g  m a t e r i a l  c o u l d  b e  r o t a t e d  
i n  t h i s  f a s h i o n  a permanent  paraboloid  could  be  formed.  With  the 
development of modern epoxy resins,  this process became  a r e a l i t y .  
Many o r g a n i z a t i o n s  h a v e  i n v e s t i g a t e d  t h e  s p i n  c a s t i n g  p r o c e s s  f o r  
making   parabol ic   mir rors .  The m a i n   e f f o r t   o n   l a r g e   p a r a b o l o i d s   t h a t  
w o u l d  b e  p o t e n t i a l l y  s u i t a b l e  f o r  s o l a r  c o l l e c t o r  m a s t e r s  h a s  b e e n  
done by t h e  Kennedy Antenna  Div is ion  of  the  Elec t ronic  Spec ia l ty  
Company and  by  Genera l  Elec t r ic .  Under  a NASA c o n t r a c t  ( a d m i n i s t e r e d  
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by Jet  Propuls ion Laboratory)  GE h a s  made a 9 .5- foot  d iameter  sp in-cas t  
master from which a convex electroformed nickel  submaster  and a proof 
m i r r o r  were s u b s e q u e n t l y   r e p l i c a t e d .  It i s  u n d e r s t o o d   t h a t   t h e   o r i g i n a l  
mas ter  was t e s t e d  a n d  f o u n d  t o  b e  a c c u r a t e  w i t h i n  two minutes  of  arc. 
Al though  de ta i l ed  t e s t  d a t a  a r e  n o t  y e t  a v a i l a b l e ,  p r e l i m i n a r y  tes ts  
i n d i c a t e   t h a t   t h e   f i n a l   m i r r o r  i s  c o n s i d e r a b l y  less a c c u r a t e .  However, 
i t  i s  n o t  known whe the r  t he  l o s s  o f  accu racy  occur red  du r ing  f ab r i ca t ion  
of  the  submaster ,  the  mir ror ,  o r  whether  the  mir ror  was  damaged i n  
s h i p m e n t   t o   t h e  West Coast.  The submaster  was p a r t e d  f r o m  t h e  p l a s t i c  
o r i g i n a l  b y  d e l i b e r a t e l y  d e s t r o y i n g  t h e  l a t t e r  u s i n g  t h e r m a l  s h o c k  
f rom  co ld   n i t rogen   gas .  Thus, t h e  o r i g i n a l  i s  n o   l o n g e r   a v a i l a b l e   f o r  
tes t  o r  c o m p a r i s o n  w i t h  t h e  f i n a l  m i r r o r ,  
- 
4 . 1 . 4 . 3  Accuracy   Cons idera t ions  
The a c c u r a c y  o f  s p i n  c a s t i n g  i s  a f f e c t e d  by 
many f a c t o r s  i n c l u d i n g :  
1. Speed c o n t r o l   o f   s p i n   t a b l e  
2. Vibra t ion   envi ronment  
3 .  C u r i n g   c h a r a c t e r i s t i c s   o f   p l a s t i c  
4. C l e a n l i n e s s   o f   a t m o s p h e r e   n e x t   o   p l a s t i c   s u r f a c e  
5. Freedom  from  wind  r ippling 
6. Uniformity of p l a s t i c   t h i c k n e s s  
I t  i s  i m p o s s i b l e  t o  e v a l u a t e  t h e s e  e f f e c t s  i n  a n y  way o t h e r  t h a n  experi-  
m e n t a l l y .  The f i r s t  p l a s t i c  l a y e r  i s  se ldom  accep tab ly   accu ra t e   because  
of   the  nonuniform  thickness  of t h e   p l a s t i c   s u r f a c e   l a y e r .  The c u r i n g  
s h i n k a g e  t h e n  c a u s e s  s u r f a c e  d i s t o r t i o n  b e c a u s e  o f  d i f f e r e n t i a l  c o n t r a c -  
t i o n .  By b u i l d i n g  up s e v e r a l  l a y e r s  t h i s  d i s t o r t i o n  u s u a l l y  c a n  b e  re- 
duced t o  a n  a c c e p t a b l e  l e v e l .  
The only  es t imate  which  can  be  p laced  on t h e  
o b t a i n a b l e  s u r f a c e  a c c u r a c y  o f  s p i n  c a s t i n g  i s  t h a t  o r i g i n a l  m a s t e r s  
h a v i n g  a c c u r a c i e s  i n  t h e  o r d e r  o f  two minutes of arc have been made. 
T h e s e  a c c u r a c i e s  a r e  r o u g h l y  e q u i v a l e n t  t o  t h o s e  o b t a i n a b l e  b y  o t h e r  
t e c h n i q u e s .  
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4.1.5 Comparative  Evaluation  and  Recommendations 
Some o f  t h e  r e l a t i v e  a d v a n t a g e s  a n d  d i s a d v a n t a g e s  of 
t h e  f o u r  m a s t e r  f a b r i c a t i o n  p r o c e s s e s  are summarized i n  t h i s  s e c t i o n .  
4.1.5.1 Cost  
Template   machining,   b lade  gr inding,   and  the 
p l a s t i c  o v e r l a y  p r o c e s s  p r o d u c e  c o n v e x  m a s t e r s  d i r e c t l y .  A schematic  
p r o c e s s   s e q u e n c e   f o r   b l a d e   g r i n d i n g  i s  shown i n   F i g .  4-6. The s p i n  
cas t ing  p rocess  p roduces  a concave or iginal  master ,  which must  be 
r e p l i c a t e d  t o  p r o d u c e  a convex  n icke l  submaster  as  shown i n  F i g .  4-7. 
Based  on  the  reasonable  assumpt ion  tha t  the  cos t  o f  genera t ing  the  
i n i t i a l  s u r f a c e ,  i n c l u d i n g  g e n e r a t i n g  m a c h i n e r y ,  f o u n d a t i o n s ,  e t c .  , 
would  be  roughly  comparable  for  the  processes ,  the  ex t ra  s tep  of r e p -  
l i ca t ing  the  submas te r  wou ld  make t h e  s p i n  c a s t i n g  p r o c e s s  more ex- 
pens ive ,   overa l l .   However ,  i t  i s  p o s s i b l e   t h a t  a p o r t i o n   o f   t h e  
t o o l i n g  n e e d e d  f o r  s p i n  c a s t i n g  may a l r e a d y  b e  a v a i l a b l e  a t  one  of 
t he  compan ies  do ing  th i s  k ind  of work. 
O t h e r  c o s t  c o n s i d e r a t i o n s  a r e  m e n t i o n e d  i n  
t h e  d i s c u s s i o n  o f  r e p a i r a b i l i t y  ( S u b s e c t i o n  4.1.5.5)  and t r a n s p o r t a t i o n  
(Subsect ion 4.1.5.6) .  
4 .1.5.2 Accuracy 
If i t  i s  a l s o  assumed t h a t  t h e  a c c u r a c y  a n d  
s u r f a c e  q u a l i t y  o f  t h e  o r i g i n a l  s u r f a c e  a r e  s i m i l a r  f o r  t h e  f o u r  
p r o c e s s e s ,  t h e n  t h e  e x t r a  r e p l i c a t i o n  r e q u i r e d  f o r  t h e  s p i n  c a s t i n g  
p rocess   wou ld   po ten t i a l ly   g ive  a less a c c u r a t e  f i n a l  m i r r o r .  However, 
t h e  a c t u a l  a c c u r a c y  loss  may b e  i n s i g n i f i c a n t l y  s m a l l .  
The accuracy  to  be  expec ted  f rom each  o f  t h e  
fou r   p rocesses   has   no t   been   conc lus ive ly   demons t r a t ed .   Su r faces   accu ra t e  
w i t h i n  one o r  two minutes  of  arc  have been made by each process ,  except  
the   t empla te   machin ing   process .   However ,  i t  i s  q u i t e  l i k e l y  t h a t  t h i s  
a c c u r a c y  c a n  b e  a c h i e v e d  i n  t h e  l a t t e r  p r o c e s s  w i t h  r e l a t i v e l y  m i n o r  
improvements. The f i r s t  9 . 5 - f o o t  d i a m e t e r  m i r r o r  made u s i n g  t h e  s p i n  
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c a s t i n g  p r o c e s s  was much less a c c u r a t e  t h a n  t h e  o r i g i n a l  s p i n  c a s t i n g .  
Addit ional  work i s  now be ing  per formed to  ascer ta in  whether  the  problems 
o f  t he  f i r s t  9 . 5 - f o o t  c o l l e c t o r  were caused by t echn iques  o r  are i n h e r e n t  
i n  t h e  p r o c e s s . "  
4.1.5.3 Surface  Finish  and  Accuracy 
Best s p e c u l a r i t y  ( a n d  h i g h e s t  r e f l e c t a n c e )  
should   be   ob ta inable   f rom  the   p las t ic   over lay   p rocess .   Samples  made 
s o  f a r  h a v e  h a d  s u r f a c e  f i n i s h e s  e q u i v a l e n t  t o  t h a t  o f  g r o u n d  a n d  
p o l i s h e d   g l a s s .  The r e f l e c t a n c e s   o b t a i n a b l e   f r o m   t h e   o t h e r   t h r e e  
processes  may be  somewhat  lower  because  of  the  orange  peel  sometimes 
found on s p i n  c a s t  s u r f a c e s  a n d  t h e  s l e e k s  ( m i c r o s c o p i c  s c r a t c h e s )  
i n h e r e n t  i n  p o l i s h e d  p l a s t i c  s u r f a c e s .  
4 . 1 . 5 . 4  M- 
Expe r imen ta l  ev idence  a t  EOS i n d i c a t e s  t h a t  t h e  
a d h e r e n c e  o f  e l e c t r o f o r m e d  n i c k e l  t o  p l a s t i c  m a s t e r s  i s  much less than 
t o  n i c k e l  m a s t e r s .  T h i s  i s  impor t an t   cons ide r ing   t he   r e l a t ive   weakness  
of t h e  s h e l l  s t r u c t u r e  t o  c o m p r e s s i v e  b u c k l i n g .  
4 . 1 . 5 . 5   R e p a i r a b i l i t y  
Local damage o r  o v e r a l l  s u r f a c e  d e g r a d a t i o n  c a n  
b e  r e p a i r e d  e a s i l y  e i t h e r  by t h e  t e m p l a t e  m a c h i n i n g  o r  p l a s t i c  o v e r l a y  
p rocesses ,  u s ing  the  same methods  tha t  were u s e d  t o  f i n i s h  o r  f o r m  t h e  
o r i g i n a l   s u r f a c e .   R e p a i r   c a n   a l s o  be done  by  blade  gr inding,   but   the  
e n t i r e   s u r f a c e   m u s t  be  r e f i n i s h e d   e v e n   t o   e f f e c t  a l o c a l  r e p a i r .  (How- 
e v e r ,  s m a l l  l o c a l  r e p a i r s  c o u l d  be r e f i n i s h e d  by   hand) .   The   sp in   cas t ing  
p r o c e s s   d o e s   n o t   l e n d   i t s e l f   t o   r e p a i r .   O n l y   v e r y   m i n o r   l o c a l  damage of 
t he  n i cke l  submas te r  can  be  r epa i r ed  and  th i s  mus t  be done  by  hand 
f i n i s h i n g   t e c h n i q u e s .   N i c k e l  i s  a d i f f i c u l t  m a t e r i a l  t o  p o l i s h ,  a n d  
+;For a more  comple te  assessment  of  the  sp in  cas t ing  process ,  contac t  
Gene ra l  E lec t r i c ,  Va l l ey  Forge ,  Pennsy lvan ia .  
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o v e r a l l  r e f i n i s h i n g  i s  no t   f ea s ib l e .   S ince   t he   p rob lem  o f   s epa ra t ing   t he  
submaster  f rom the  concave  or ig ina l  has  not  ye t  been  so lved  wi thout  de-  
s t r o y i n g  t h e  o r i g i n a l ,  t h e  e n t i r e  p r o c e s s  m u s t  b e  r e p e a t e d  f r o m  t h e  b e -  
g i n n i n g  s h o u l d  t h e  n i c k e l  s u b m a s t e r  b e  damaged or degraded beyond accept- 
a b i l i t y .  
The i m p l i c a t i o n s  o f  t h i s  i n  terms of t o t a l  p r o -  
gram c o s t s  a r e  e v i d e n t .  
4 . 1 . 5 . 6  Hand l ing   and   T ranspor t a t ion  
The h a n d l i n g  a n d  t r a n s p o r t a t i o n  p r o b l e m s  f o r  t h e  
f o u r  p r o c e s s e s  a r e  r o u g h l y  e q u i v a l e n t  u n l e s s ,  i n  t h e  c a s e  o f  s p i n c a s t i n g ,  
i t  i s  n e c e s s a r y   t o   t r a n s p o r t   t h e   s u b m a s t e r .   T h i s   w o u l d   b e   n e c e s s a r y   u n -  
less  t h e  e n t i r e  m i r r o r  f a b r i c a t i o n  p r o c e s s ,  f r o m  t h e  o r i g i n a l  s p i n c a s t i n g  
t h r o u g h   f i n a l   m i r r o r   a s s e m b l y ,  i s  per formed  in   the  same f a c i l i t y .   T r a n s -  
p o r t a t i o n  o f  t h e  l i g h t w e i g h t  r e p l i c a  m i r r o r  i s  d i f f i c u l t  e n o u g h ,  a l t h o u g h  
f e a s i b l e .  Moving t h e  e q u a l l y  b u l k y  b u t  much heav ie r  mas te r s  migh t  be an  
insuperable  problem depending on t h e  p a r t i c u l a r  r o u t e  t o  b e  t r a v e l e d  a n d  
on t h e  a v a i l a b i l i t y  o f  a i r c r a f t .  I t  i s  u n l i k e l y  t h a t  e i t h e r  t h e  h e l i -  
cop te r   o r   t he   b l imp   wou ld   be   capab le   o f   ca r ry ing   t he   mas te r s .   T rans -  
po r t a t ion  o f  t he  mas te r s  wou ld  inc rease  p rogram cos t  s ign i f i can t ly .  
4 . 1 . 5 . 7  Tooling  Requirements 
The s p i n c a s t i n g  t u r n t a b l e  r e q u i r e s  p r e c i s e  b e a r -  
ings   and  a v e r y   a c c u r a t e   s p e e d   c o n t r o l  (1 i n  10 a c c u r a c y ) .   P r o v i s i o n  
must  be made t o  p r o t e c t  t h e  p l a s t i c  l a y e r  f r o m  a t m o s p h e r i c  d u s t  a n d  w i n d .  
The mach ine  mus t  be  v ib ra t ion  f r ee .  Templa t e  mach in ing  r equ i r e s  h igh  
mechanica l  prec is ion  and  f reedom f rom vibra t ion  but  does  not  requi re  
p r e c i s e  s p e e d  c o n t r o l .  The blade  grinding  mechanism  must  be  massive  but 
d o e s  n o t  r e q u i r e  g r e a t  p r e c i s i o n .  A moderate   amount   of   vibrat ion i s  n o t  
de t r imen ta l .   Norma l   l ab   c l ean l ines s  i s  adequate   for   t empla te   machin ing  
o r  b l a d e  g r i n d i n g .  
4 
The p l a s t i c  o v e r l a y  p r o c e s s  r e q u i r e s  c a r e f u l  
c o n t r o l  o f  s u r f a c e  l a y e r  t h i c k n e s s .  
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4.1.5.8  Recommendations 
Based  on  the  above  cons idera t ions ,  the  sp in-  
c a s t i n g  p r o c e s s  i s  p r e s e n t l y  c o n s i d e r e d  less d e s i r a b l e  t h a n  t h e  o t h e r  
th ree   approaches .   Al though  any  of t h e  o t h e r  t h r e e  p r o c e s s e s  w i l l  
p r o b a b l y  r e s u l t  i n  a s a t i s f a c t o r y  m i r r o r ,  i t  now a p p e a r s  t h a t  t h e  
bes t  combina t ion  of a c c u r a c y ,  s p e c u l a r i t y ,  a n d  low t o t a l  c o s t  may be 
a c h i e v e d  w i t h  t h e  p l a s t i c  o v e r l a y  p r o c e s s  u s i n g  e i t h e r  t h e  t e m p l a t e  
m a c h i n i n g  o r  b l a d e  g r i n d i n g  p r o c e s s  f o r  g e n e r a t i n g  t h e  s u b s t r a t e  
geometry.  
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4.2 Mirror   P la t ing   Equipment  
The l a r g e  scale of t h e  3 0 - f o o t  c o l l e c t o r  w i l l  r e q u i r e  some 
l a t i n g  t e c h n i q u e s  w h i c h  are somewhat d i f f e r e n t  f r o m  c o n v e n t i o n a l  
~ r a c t i c e  f o r  smaller parts. However, most   of   these  techniques  have 
l l r eady  been  deve loped  a t  EOS in  connec t ion  wi th  ano the r  p rogram fo r  
2 l e c t r o f o r m i n g  l a r g e  s e g m e n t s  o f  u n f u r l a b l e  s o l a r  c o l l e c t o r s .  
4.2.1 P l a t i n g  Tank 
For  e l ec t ro fo rming  l a rge  s t ruc . tu re s ,  EOS has developed 
a technique of  using the master  as the  bo t tom o f  the  p l a t ing  t ank .  
Fo r  the  Bray ton  cyc le  co l l ec to r  mas te r ,  t he  t ank  s ides  w i l l  c o n s i s t  of 
a r e m o v a b l e  c y l i n d r i c a l  w a l l  (o r  a conforming top shel l )  which i s  only  
p u t   i n   p l a c e   f o r   t h e   a c t u a l   p l a t i n g   o p e r a t i o n   ( F i g .  4-8) .  Master 
p r e p a r a t i o n  b e f o r e  p l a t i n g ,  a s  w e l l  a s  p o s t  p l a t i n g  o p e r a t i o n s ,  a r e  
conducted   wi th   the   t ank   wal l  removed. This   approach  has  two advantages.  
It e l i m i n a t e s  t h e  n e c e s s i t y  of moving  the  master  and i t  reduces  the  
r equ i r ed  amount of p l a t i n g  s o l u t i o n .  A schematic   diagram  of   the 
m a s t e r / t a n k   c o n s t r u c t i o n  i s  shown i n   F i g .  4-8. The d e t a i l  i l l u s t r a t e s  
a  method  of s e a l i n g  t h e  wall  u s i n g  a n  i n f l a t a b l e  g a s k e t .  T h i s  t e c h -  
nique was worked out under a p rev ious  p rogram fo r  p l a t ing  t r apezo ida l -  
shaped mirror segments.  
A water passage i s  provided  jus t  benea th  the  upper  
s t e e l  s h e l l  of t h e  m a s t e r  s t r u c t u r e  t o  m a i n t a i n  t h e  m a s t e r  a t  a con- 
s t a n t   t e m p e r a t u r e .   B a f f l e s   ( n o t  shown i n   F i g .  4-8) w i l l  be  provided 
t o  a s s u r e  good c i r c u l a t i o n  of t h e  water. The wa te r  pas sage  can  a l so  
b e  u s e d ,  i f  n e c e s s a r y ,  f o r  h y d r o s t a t i c  b a l a n c i n g  t o  o f f s e t  t h e  w e i g h t  
of t h e   p l a t i n g   s o l u t i o n .   I n   t h i s   c a s e ,   t h e   m a i n   l o a d   w o u l d   b e   b o r n e  
b y   t h e   s h e l l   b e n e a t h   t h e  water passage.   Nonuniform  def lect ions  of  
t h i s  s h e l l  c a u s e d  by t h e  t r u s s  s t r u c t u r e  u n d e r n e a t h  would not  cause  
d i s t o r t i o n  of t h e  u p p e r  s h e l l .  
This  same tank arrangement  w i l l  a l s o  b e  u s e d  f o r  p l a t i n g  
t h e   t o r u s  and the   j o in t   be tween   t he   sk in   and   t o rus .   Fo r   t he   l a t t e r  
ope ra t ion ,  t he  mas te r  su r f ace  w i l l  be covered by a p r o t e c t i v e  p l a s t i c  
s h e e t  . 
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4.2 .2   F lu id   S torage   and   Trea tment  
E x c e p t  d u r i n g  p l a t i n g ,  t h e  f l u i d  w i l l  b e  s t o r e d  i n  
a s epa ra t e  t ank  where  i t  w i l l  b e  c o n t i n u o u s l y  f i l t e r e d  a n d  t r e a t e d .  
F i g u r e  4 - 9  i l l u s t r a t e s  a s c h e m a t i c  l a y o u t  o f  t h e  p l a t i n g  f l u i d  
c i r c u l a t i o n   s y s t e m .  Between p l a t i n g   o p e r a t i o n s ,   t h e   v a l v e s   ( V l )  
are tu rned  s o  t h a t  t h e  f l u i d  p a s s e s  o u t  o f  t h e  s t o r a g e  t a n k  t h r o u g h  
t h e  f i l t e r  pumps (FP1)  and  back t o   t h e   s t o r a g e   t a n k .   D u r i n g   p l a t i n g ,  
va lves  (Vl )  are  t u r n e d  s o  t h a t  t h e  f l u i d  p a s s e s  o u t  o f  t h e  s t o r a g e  
t a n k ,   t h r o u g h   f i l t e r  pumps ( F P 1 )   a n d   i n t o   t h e   p l a t i n g   t a n k .  The 
d e s i r e d  f l u i d  level i n  t h e  p l a t i n g  t a n k  i s  main ta ined  by t h e  c o n t r o l  
v a l v e  (V2)  and the   s caveng ing  pump ( F P 2 ) .   M u l t i p l e   i n l e t s   t o   t h e  
p l a t i n g  t a n k  are p r o v i d e d  t o  i n c r e a s e  the a g i t a t i o n  o f  the p l a t i n g  
s o l u t i o n   n e a r   t h e   m a s t e r   s u r f a c e .   A d d i t i o n a l   a g i t a t i o n  w i l l  be 
provided by p r o p e l l o r - t y p e  s t i r r e r s  i n  t h e  p l a t i n g  t a n k .  
P l a t i n g  s o l u t i o n  w i l l  b e  m a i n t a i n e d  a t  t h e  d e s i r e d  
p l a t i n g   t e m p e r a t u r e   i n   t h e   s t o r a g e   t a n k .  The p l a t i n g   t e m p e r a t u r e  
w i l l  b e  t h e r m o s t a t i c a l l y  c o n t r o l l e d  u s i n g  s e n s o r s  p l a c e d  i n  t h e  
s o l u t i o n  n e a r  t h e  m a s t e r .  I n  t h i s  way,   no   hea t ing   of   the   so lu t ion  
i n  t h e  p l a t i n g  t a n k  is  r e q u i r e d .  
An inventory  of  approximate ly  20 ,000  ga l lons  of 
s o l u t i o n  w i l l  be  requi red  assuming a depth of  one foot  a t  t h e  c e n t e r  
o f   t h e   m a s t e r .   T h i s   i n v e n t o r y   c a n  be  reduced  considerably by us ing  
a conforming   upper   she l l  on t h e   p l a t i n g   t a n k   ( F i g .  4 - 8 ) .  For  example, 
w i t h  a confo rming  she l l  p l aced  two f e e t  a b o v e  t h e  m i r r o r  s u r f a c e ,  t h e  
f l u i d  i n v e n t o r y  c o u l d  b e  r e d u c e d  t o  less t h a n  1 4 , 0 0 0  g a l l o n s .  Assuming 
t h a t  t h e  f u l l  2 0 , 0 0 0  g a l l o n s  of   inventory i s  r e q u i r e d ,  t h e  s t o r a g e  
tank would be approximately 2 0  f e e t  s q u a r e  a n d  9 . 5  feet  deep.  
4 . 2 . 3  Power Supply 
The  power  r equ i r emen t s  fo r  mi r ro r  p l a t ing  a re  de t e r -  
mined by t h e  m i r r o r  a r e a  a n d  a chosen se t  o f   p l a t ing   pa rame te r s .   These  
parameters  are  g o v e r n e d  i n  t u r n  by d e s i r e d  p l a t i n g  ra te ,  stress condi -  
t i o n   i n   p l a t e d   s h e l l ,   a n d   a l l o w a b l e   b a t h   t e m p e r a t u r e .  The choice  of 
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c o n d i t i o n s   f o r   t h e   3 0 - f o o t   c o l l e c t o r  i s  e x p l a i n e d   i n   S e c t i o n  4 . 3 . 3 .  It 
is  shown t h a t  t h e  optimum p l a t i n g  c u r r e n t  d e n s i t y  i s  7 t o  1 0  amps/ f t  
a t  a maximum p o t e n t i a l  o f  15 v o l t s .  Assuming t h a t  t h e  t o t a l  area t o  
b e  p l a t e d  may be as much as 32 f e e t  d i a m e t e r ,  t h e  a r e a  w i l l  be approx- 
ima te ly  1000 s q u a r e  f e e t  ( i n c l u d i n g  a n  a l l o w a n c e  f o r  t h e  s u r f a c e  c u r v -  
a t u r e ) .   T h u s ,  a t o t a l  c u r r e n ' i  of 7,000 t o  10,000 amps must   be   suppl ied .  
The  power i s  dc  suppl ied  by s t a n d a r d  i n d u s t r i a l .  p l a t i n g  
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r e c t i f i e r s ,  w h i c h  are  a v a i l a b l e  i n  a n y  r e q u i r e d  s i z e .  The e f f i c i e n c y  
of  these u n i t s  i s  about  75 p e r c e n t .   T h u s ,   t h e   t o t a l  power requi rement  
w i l l  be   f rom  140   t o  200 kw. Lesse r  power l e v e l s  a r e  r e q u i r e d  f o r  
p l a t i n g  t h e  t o r u s  a n d  t h e  p l a t e d  j o i n t  b e t w e e n  t h e  s k i n  a n d  t h e  t o r u s .  
Th i s  can  be  supp l i ed  by t h e  same equipment.  
4 . 2 . 4  Anodes 
The m i r r o r  s k i n  w i l l  be p l a t e d  u s i n g  a n  a r r a y  o f  f l a t  
shee t  n i cke l  anodes  a r r anged  a s  a c o n f o r m i n g  s h e l l  a t  a n  a v e r a g e  
d i s t ance   o f   app rox ima te ly   one   foo t   f rom  the   su r f ace .  The  anodes a r e  
e n c l o s e d  i n  l i n e n  b a g s  t o  p r e v e n t  f o r e i g n  p a r t i c l e s  f r o m  f a l l i n g  o n  
t h e   m i r r o r   s u r f a c e  as the   anodes   a re   e tched   away.  The  anode s u r f a c e  
a r e a  s h o u l d  b e  a t  l e a s t  e q u a l  t o  t h e  a r e a  t o  b e  p l a t e d ,  f o r  good p l a t i n g  
e f f i c i e n c y .   S p e c i a l   a n o d e   a r r a y s  w i l l  b e   u s e d   f o r   p l a t i n g   t h e   t o r u s  
a n d  t h e  j o i n t  b e t w e e n  t h e  s k i n  a n d  t o r u s .  
4.3 M i r r o r   F a b r i c a t i o n  
The EOS mir ror   concept  i s  very   s imple ,   involv ing   on ly  a t o r u s  
w i t h   b r a c k e t s ,  a m i r r o r   s k i n ,   a n d   s u i t a b l e   c o a t i n g s .  The f a b r i c a t i o n  
and assembly of  these elements  w i l l  b e  d i s c u s s e d  i n  o r d e r .  
4.3 .1  Torus   Fabr i ca t ion  
4.3.1.1 Nickel  Torus 
The  e l ec t ro fo rmed  n icke l  t o rus  i s  made by 
p l a t i n g  on a prepared  aluminum  mandrel.  The  mandrel i s  then   d i s so lved  
o u t   l e a v i n g   t h e   h o l l o w   n i c k e l   s h e l l .  The  aluminum  mandrel i s  made by 
weld ing  a s k i r t  on a c i r c u l a r  c r o s s  s e c t i o n  aluminum t u b e .  The welds  
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are  dressed  and  the  tube  i s  r o l l e d  t o  t h e  p r o p e r  t o r u s  c u r v a t u r e .  
The s e c t i o n s  are  c u t  t o  t h e  l e n g t h s  b e t w e e n  b r a c k e t s .  The b r a c k e t s  
are  made w i t h  a s h o r t  t a p e r e d  t u b u l a r  e x t e n s i o n  w h i c h  e x t e n d s  i n t o  
t h e  t o r u s  s e c t i o n s  w i t h  a s m o o t h l y  f a i r e d  j o i n t .  The v a r i o u s   t o r u s  
sec t ions  and  b racke t s  a r e  a l igned  and  a n i c k e l  s h e l l  o f  t h e  d e s i r e d  
th i ckness  i s  p l a t ed   on to   t he   mandr ' e l .  The n i c k e l   s k i n   e n c a p s u l a t e s  
t h e  t u b u l a r  e x t e n s i o n s  on t h e  b r a c k e t s ,  f o r m i n g  a p e r m a n e n t  j o i n t .  
A r o w  o f  h o l e s  f o r  t h e  e l e c t r o f o r m e d  r i v e t s  a r e  d r i l l e d  t h r o u g h  t h e  
t o r u s   ( s e e   F i g .  4 - 1 0 ) .  The t o r u s  i s  t h e n   p l a c e d   i n   t h e   e t c h i n g   t a n k ,  
which   conta ins  a d i l u t e   s o l u t i o n   o f   h y d r o c h l o r i c   a c i d .   T h i s   s o l u t i o n  
i s  c i r c u l a t e d  t h r o u g h  t h e  t o r u s  u n t i l  t h e  aluminum  mandrel i s  e tched  
o u t .   F o r   t h i s   p r o c e s s ,   t h e   b r a c k e t s   m u s t   b e  made of some m a t e r i a l  
o t h e r   t h a n   a l u m i n u m .   I f   a l u m i n u m   b r a c k e t s   a r e   t o   b e   u s e d ,   a n   a l t e r -  
na t e  p rocess  can  be  fo l lowed  in  wh ich  the  b racke t s  a r e  mounted i n  t h e  
t o r u s  a f t e r  i t  i s  p l a t e d  and  e tched.  
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4 . 3 . 1 . 2  Ti tanium  Torus 
The t i t a n i u m  t o r u s  w i l l  be  assembled  in  a 
manner similar t o  t h a t  f o r  t h e  aluminum  mandrel  of  the  nickel  torus.  
The t o r u s  s e c t i o n s  w i l l  b e  f o r m e d ,  r o l l e d  t o  s h a p e ,  c u t  t o  l e n g t h ,  
and  welded t o  t h e  b r a c k e t s .  Depending  on t h e  p a r t i c u l a r  b r a c k e t  
des ign ,  i t  may b e  p o s s i b l e  t o  r o l l  t h e  t o r u s  i n t o  a complete   tube 
a n d  i n s e r t  t h e  b r a c k e t s  i n  c u t o u t s  i n  t h e  t o r u s .  
4 . 3 . 2  Master P repa ra t ion  
The f i r s t  s t e p  i n  m a s t e r  p r e p a r a t i o n  i s  t h e  c a s t i n g  
of   the   edge   rad ius   mandre l .  The mandrel i s  c a s t  o f  wax u s i n g   t h e  
a l r e a d y - p r e p a r e d  t o r u s  a s  a mold t o  i n s u r e  good  mating  of  the  torus 
t o  t h e  p l a t e d  s k i n .  F i g u r e  4-10  shows the   s equence   o f   s t eps   i n   fo rming  
t h e   m a n d r e l ,   p l a t i n g   t h e   s k i n ,   a n d   a t t a c h i n g   t h e   t o r u s .   F i r s t ,   t h e  
t o r u s  i s  cove red  wi th  a l a y e r  o f  t ape  approx ima te ly  the  same t h i c k n e s s  
a s   t h a t   e x p e c t e d   f o r   t h e   m i r r o r   s k i n .   N e x t ,   t h e   t o r u s  i s  c a r e f u l l y  
p laced  on t h e  m a s t e r ,  c o n c e n t r i c  w i t h  t h e  o p t i c a l  a x i s , a n d  i t s  p o s i t i o n  
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i s  marked. A dam i s  then  p l aced  on  the  master s u r f a c e  a s h o r t  d i s t a n c e  
o u t s i d e  t h e  t o r u s .  Any gaps   be tween   t he   t o rus   and   t he  master a r e  
s e a l e d  w i t h  t a p e .  M e l t e d  wax i s  poured  be tween  the  to rus  and  the  dam 
a n d   a l l o w e d   t o   h a r d e n .  The t o r u s  i s  then  removed.  The  curvature  of 
t h e  wax mandrel i s  s m o o t h l y  f a i r e d  w i t h  t h e  m a s t e r  s u r f a c e .  The p o r t i o n  
o f  t he  mandre l  t o  be  p l a t ed  i s  o v e r c o a t e d  w i t h  a l aye r  o f  conduc t ive  
s i l v e r  p a i n t .  If a c e n t r a l   t o r u s  i s  t o   b e   u s e d ,  a similar mandrel i s  
p l a c e d  n e a r  t h e  c e n t e r  o f  t h e  master. 
The e n t i r e  m a s t e r  s u r f a c e  i s  t h e n  c a r e f u l l y  washed 
w i t h  a m i l d  d e t e r g e n t  s o l u t i o n ,  f o l l o w e d  by a d i s t i l l e d  water r i n s e  
a n d  r a p i d  d r y i n g  t o  p r e v e n t  w a t e r  m a r k s .  
I m m e d i a t e l y  a f t e r  t h e  m a s t e r  i s  c l eaned ,  i t  i s  made 
e l e c t r i c a l l y  c o n d u c t i v e  by a c h e m i c a l l y - d e p o s i t e d  c o a t i n g  o f  m e t a l l i c  
s i l v e r .  The s i l v e r  i s  reduced by formaldehyde  from a s i l v e r  n i t r a t e  
s o l u t i o n .  The s i l v e r  n i t r a t e  s o l u t i o n  a n d  f o r m a l d e h y d e  a r e  s t o r e d  i n  
sepa ra t e  con ta ine r s  and  a re  s imul t aneous ly  mixed  and  sp rayed  on t h e  
master s u r f a c e   u s i n g  a 2-head  spray  gun.  The s o l u t i o n s   a t o m i z e ,   m i x  
i n  t h e  a i r ,  and f a l l  upon t h e  m a s t e r  s u r f a c e  l e a v i n g  a coa t ing  o f  pu re  
metallic s i lver .  When the  coating  becomes  opaque, i t  w i l l  have a t h i c k -  
ness  of  approximate ly  600 8 (approximate ly  1/10 w a v e l e n g t h  o f  v i s i b l e  
l i g h t ) .   C o a t i n g   t h i c k n e s s  i s  n o t  a t  a l l  c r i t i c a l .   I f   t h e   s i l v e r  
c o a t i n g  i s  t o  b e  u s e d  as  t h e  m i r r o r  r e f l e c t i n g  l a y e r ,  t h e  s u r f a c e  w h i c h  
was n e x t  t o  t h e  master w i l l  b e   t h e   r e f l e c t i n g   s u r f a c e .   T h e r e f o r e ,  
t h i c k n e s s  v a r i a t i o n s  i n  t h e  c o a t i n g  w o u l d  h a v e  n o  e f f e c t  on o p t i c a l  
accu racy .  However,  even i f  t h e  s i l ve r  w e r e   t o   b e   r e m o v e d ,   e r r o r s   i n  
t h e  n i c k e l  s u r f a c e  r e s u l t i n g  f r o m  a t h i c k n e s s  v a r i a t i o n  i n  t h e  o r i g i n a l  
s i l v e r  l a y e r   w o u l d   b e   t r i v i a l l y  small. Even i f  t h e  c o a t i n g  t h i c k n e s s  
c o u l d  n o t  b e  c o n t r o l l e d  t o  b e t t e r  t h a n  a f ac to r  o f  10  ( say  f rom 600 t o  
6000 8) t he  r e su l t i ng  de fo rma t ion  wou ld  on ly  be  1 /2  mic ron ,  wh ich  i s  
c o m p l e t e l y  n e g l i g i b l e .  
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4 .3 .3   P l a t ing   o f   Mi r ro r   Sk in  
4.3.3.1 Choice   o f   P la t ing   Condi t ions  
Values  must  be  chosen  for  severa l  p la t ing  
p a r a m e t e r s  p r i o r  t o  d e s i g n i n g  t h e  p l a t i n g  e q u i p m e n t  a n d  s p e c i f y i n g  
t h e   p l a t i n g   p r o c e d u r e .  Among t h e  most   important   of   these  parameters  
are  cu r ren t   dens i ty ,   ba th   t empera tu re ,   and   ba th   compos i t ion .   Taken  
t o g e t h e r ,  t h e s e  p a r a m e t e r s  c o n t r o l  t h e  d e p o s i t i o n  r a t e  and  the  s t ress  
c o n d i t i o n s  i n  t h e  d e p o s i t e d  s k i n .  The c u r r e n t   d e n s i t y   s h o u l d   b e  as 
law a v a l u e  as p o s s i b l e  ( c o n s i s t e n t  w i t h  o t h e r  r e q u i r e m e n t s )  t o  r e d u c e  
t h e  t o t a l  power requi rement  when p l a t i n g  t h i s  l a r g e  s t r u c t u r e .  Depo- 
s i t i o n  r a t e  i s  n o t  i m p o r t a n t  b e c a u s e  o f  t h e  m o d e r a t e  s k i n  t h i c k n e s s .  
The b a t h  t e m p e r a t u r e  s h o u l d  a l s o  b e  f a i r l y  low because of the neces- 
s i t y  o f  m a i n t a i n i n g  t h e  m a s t e r  a t  t h e  b a t h  t e m p e r a t u r e  t h r o u g h o u t  t h e  
f a b r i c a t i o n  a n d  p l a t i n g  s e q u e n c e  i n  o r d e r  t o  m i n i m i z e  t h e r m a l  s t r e s s i n g .  
F igu re  4-11  shows a t y p i c a l  s t r e s s  c u r v e  f o r  a n i c k e l  s u l f a m a t e  p l a t i n g  
s o l u t i o n  a t  1 0 0 ° F .   T h e s e   s t r e s s   v a l u e s   a r e   i n   a r b i t r a r y   u n i t s .  The 
z e r o   s t r e s s   p o i n t  i s  a t  approximate ly  7 amps per  f t  . A l t h o u g h   t h i s  
s t r e s s  c u r v e  h a s  a f a i r l y  d e e p  s l o p e ,  f l a t t e r  and  more d e s i r a b l e  s t r e s s  
curves  can be produced by changing the bath composi t ion s l ight ly  through 
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t h e   a d d i t i o n   o f   s t r e s s - r e d u c i n g   a g e n t s .  The p h y s i c a l   p r o p e r t i e s   o f   t h e  
d e p o s i t e d  s k i n  a r e  i n f e r i o r  i f  p l a t e d  a t  t e m p e r a t u r e s  much below 100 F .  
For   purposes  of t h i s  d i s c u s s i o n ,  a ba th  t empera tu re  of 100 F and a 
c u r r e n t   d e n s i t y   o f  7 t o  1 0  amps p e r  f t  a r e  s a t i s f a c t o r y .  
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4 . 3 . 3 . 2   P l a t i n g   P r o c e d u r e  
F i r s t ,  power s u p p l y  l e a d s  w i l l  b e  a t t a c h e d  
t o  t h e  master. The e l e c t r i c a l  c o n n e c t i o n  t o  t h e  s i l v e r  s e n s i t i z i n g  
l a y e r  w i l l  be   benea th   t he   i nne r   and   ou te r   edge   r ad ius   mandre l s .   Nex t ,  
t h e  t a n k  s i d e s  a re  a t t ached  and  sea l ed  and  the  anode  a r r ay  i s  lowered 
i n t o  p l a c e .  The p l a t i n g  s o l u t i o n  i s  then  pumped i n t o  t h e  p l a t i n g  t a n k .  
A v o l t a g e  i s  a p p l i e d  s u f f i c i e n t  t o  i n i t i a t e  p l a t i n g  a t  a small pe rcen t -  
a g e  o f  t h e  s t e a d y  s t a t e  c u r r e n t  d e n s i t y .  The c u r r e n t  i s  g r a d u a l l y  
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brought  up t o  t h e  f u l l  v a l u e  i n  15 t o  30 m i n u t e s .  I f  t h e  c u r r e n t  i s  
i n c r e a s e d  t o o  r a p i d l y ,  t h e  i n i t i a l  t h i n  l a y e r  o f  n i c k e l  w i l l  no t  be  
a b l e  t o  c a r r y  t h e  c u r r e n t ,  a n d  t h e  l e a d  a t t a c h m e n t s  w i l l  b u r n .   P l a t i n g  
c o n t i n u e s  u n t i l  t h e  d e s i r e d  t h i c k n e s s  o f  n i c k e l  h a s  b e e n  d e p o s i t e d .  
The t h i c k n e s s  i s  r e l a t e d  t o  the f o l l o w i n g  p l a t i n g  p a r a m e t e r s :  
Skin Thickness  - (Cur ren t  Dens i ty ) (P la t ing  T ime) (Ba th  Ef f i c i ency)  
The b a t h  e f f i c i e n c y  i s  known approx ima te ly  fo r  mi r ro r  conf igu ra t ions  
o f  t h i s  t y p e ,  b u t  i t  m u s t  b e  c o n f i r m e d  e x p e r i m e n t a l l y  f o r  t h i s  p a r t i c -  
u l a r  c o n f i g u r a t i o n .  T h i s  w i l l  be  done by p l a t i n g  a few t e s t  s k i n s  
p r i o r  t o  a t t e m p t i n g  t o  make a comple t e   mi r ro r .  The tes t  s k i n s  w i l l  
b e  s e c t i o n e d ,  a n d  t h i c k n e s s  p r o f i l e s  w i l l  b e  p l o t t e d  t o  d e t e r m i n e  b o t h  
p l a t i n g  r a t e  and  th i ckness  un i fo rmi ty .  
I f  n e c e s s a r y  t h e  a n o d e  a r r a y  c o n f i g u r a t i o n  
w i l l  b e  a l t e r e d  t o  g i v e  a b e t t e r   t h i c k n e s s   d i s t r i b u t i o n .  When t h e  
d e s i r e d  t h i c k n e s s  h a s  b e e n  b u i l t  u p ,  t h e  power i s  shut   o f f   and   the  
scavenging pumps (FP2, F i g .  4 - 9 )  d r a i n  t h e  f l u i d  f r o m  t h e  p l a t i n g  
t ank .   Af t e r   t he   so lu t ion   has   been   d ra ined ,   t he   anode   a r r ay  i s  l i f t e d  
a n d  t h e  s k i n  i s  washed with water t o  remove r e s i d u a l  t r a c e s  o f  p l a t i n g  
s o l u t i o n .  
Next ,   the   edge  mandrels   are   removed  a long 
wi th   any   t races   o f  wax o r  s i l v e r  p a i n t .  The s k i n  i s  now r e a d y   f o r   t h e  
a t t a c h m e n t  o f  t h e  t o r u s .  
4 . 3 . 4  Torus  Attachment 
The p repa red  n i cke l  o r  t i t an ium to rus  i s  l o w e r e d  i n t o  
p l a c e  so  t h a t  i t  f i t s  i n s i d e  t h e  u p t u r n e d  e d g e  on t h e  m i r r o r  s k i n ,  a s  
shown i n  F i g .  4-10. The edge   o f   t he   sk in  i s  t a p e r e d   ( o r  a f i l l e t  of 
wax o r  p l a s t i c  i s  p laced  be tween the  edge  of  the  mir ror  sk in  and  the  
s i d e  o f  t h e  t o r u s )  i n  o r d e r  t o  p r o v i d e  a smooth  t rans i t ion  be tween the  
s k i n   a n d   t h e   t o r u s .   I f   t h i s   j o i n t  i s  not  smooth,  i t  w i l l  be  extremely 
weak because  of a c l e a v a g e  i n  t h e  c r y s t a l  s t r u c t u r e  e m a n a t i n g  f r o m  t h e  
i n s i d e  c o r n e r  o f  t h e  j o i n t .  
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T h i c k n e s s  c a n  a n d  h a s  b e e n  e a s i l y  c o n t r o l l e d  t o  *5X 
o v e r   l a r g e   s t r u c t u r e s .  Maximum o p t i c a l  e r r o r s ,  due t o  e l e c t r o f o r m i n g  
v a r i a t i o n s ,  o f  less t h a n  30 seconds can be reasonably expected from 
e x p e r i e n c e .  
S i n c e  t h e  a c t u a l  t o r u s  was u s e d  t o  c a s e  t h e  e d g e  man- 
d r e l ,  a n  e x c e l l e n t  f i t  w i l l  be  ob ta ined  wi th  no  l a rge  gaps  to  b r idge .  
A series of h o l e s  i s  now d r i l l ed  th rough  the  up tu rned  edge  o f  t he  sk in  
a n d  t h e  t o r u s  ( a  r i n g  o f  h o l e s  h a s  a l r e a d y  b e e n  p l a c e d  i n  t h e  t o r u s  
a b o v e  t h e  m i r r o r  s k i n  e d g e ) .  A l l  p o r t i o n s  o f  t h e  t o r u s  w h i c h  a r e  n o t  
t o  be   p l a t ed  when f o r m i n g  t h e  j o i n t  a r e  c o v e r e d  w i t h  p l a s t i c  t a p e .  The 
m i r r o r  s k i n  i s  covered  wi th  a l a r g e  p l a s t i c  s h e e t  t a p e d  i n  p l a c e  a t  t h e  
edges .  The a r e a   o f   t o r u s   a n d   s k i n  on   which   the   jo in t  i s  t o   b e   p l a c e d  i s  
now c a r e f u l l y  c l e a n e d .  The t a n k  s i d e s  a n d  t h e  a n o d e s  a r e  p u t  i n  p l a c e ,  
and  the  jo in t  be tween  the  sk in  and  to rus  i s  p l a t e d  i n  t h e  same manner a s  
was t h e  o r i g i n a l  m i r r o r  s k i n .  
E s s e n t i a l l y  t h e  same procedure i s  used  fo r  bo th  an  
o u t e r  a n d  i n n e r  t o r u s  i f  b o t h  a r e  i n c o r p o r a t e d  i n  t h e  c o l l e c t o r  d e s i g n .  
A f t e r  p l a t i n g  i s  comple t ed ,  t he  so lu t ion  i s  removed  and 
t h e  p l a t e d  a r e a  i s  washed. The t a p e  a n d  a n y  o t h e r  p l a t i n g  i n h i b i t o r s  a r e  
removed. The m i r r o r  i s  now r e a d y   f o r   p a r t i n g .  
4 . 3 . 5  Par t ing   o f   Mi r ro r  From Master  
An advan tage  o f  t he  p l a s t i c  su r faced  mas te r  i s  t h a t  t h e  
adherence   o f   the   e lec t roformed  n icke l   sk in  i s  v e r y  s l i g h t .  P a r t i n g  i s  
accompl ished  by  the  use  of  mechanica l  force ,  a i r  p ressure ,  and  d i f fe ren-  
t i a l   t h e r m a l   e x p a n s i o n .  The m a s t e r   h a n d l i n g   f i x t u r e   ( s e e   S e c t i o n  4 . 5 )  i s  
a t t a c h e d   t o   t h e   i n n e r   a n d   o u t e r   t o r i .   F l e x i b l e   s e a l s   a r e   p l a c e d   b e t w e e n  
t h e   t o r i   ( b o t h   i n n e r   a n d   o u t e r )   a n d   t h e   m a s t e r   s u r f a c e .  The m i r r o r  i s  
t h e n  g e n t l y  l i f t e d  u s i n g  t h e  m i r r o r  h a n d l i n g  f i x t u r e s ,  a s  t h e  a i r  p r e s -  
s u r e  i s  i n c r e a s e d   b e t w e e n   t h e   m i r r o r   a n d   t h e   m a s t e r .   I n   t h i s  way, t h e  
p a r t i n g  l i n e  w i l l  move a c r o s s  t h e  s u r f a c e  o f  t h e  m a s t e r  s t a r t i n g  b o t h  a t  
t h e  o u t e r  a n d  i n n e r  r a d i i .  I f  a n y  d i f f i c u l t y  i s  encoun te red  in  advanc ing  
t h e  p a r t i n g  l i n e ,  l o c a l  d i f f e r e n t i a l  t h e r m a l  e x p a n s i o n  i s  used  by  hea t ing  
t h e  s u r f a c e  w i t h  a h o t  a i r  gun .  Af t e r  t he  mi r ro r  has  been  sepa ra t ed  f rom 
t h e  m a s t e r ,  t h e  a i r  s e a l s  a r e  removed t o  c o m p l e t e  t h e  p a r t i n g  o p e r a t i o n .  
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4 . 3 . 6  Coat ings  
4 . 3 . 6  -1 Ref l ec t ive   Coa t ings  
I m m e d i a t e l y  a f t e r  t h e  m i r r o r  h a s  b e e n  
removed from the master, t h e  s u r f a c e  i s  f l u s h e d  w i t h  a m i l d  s o l u t i o n  
of d e t e r g e n t  i n  d i s t i l l e d  water a n d  f i n a l l y  r i n s e d  w i t h  d i s t i l l e d  
water t o  remove  any  res idual  traces o f   p l a t i n g   s o l u t i o n .  If t h e  
s i lver  i s  t o  b e  u s e d  as t h e  f i n a l  r e f l e c t i v e  l a y e r ,  t h e  m i r r o r  i s  
now c o m p l e t e  e x c e p t  f o r  a p p l i c a t i o n  o f  p r o t e c t i v e  c o a t i n g s ,  i f  a n y .  
I f  t h e  m i r r o r  i s  t o  b e  vacuum c o a t e d ,  t h e  
s i lver  i s  f i r s t  removed us ing  a p r o p r i e t a r y  EOS t echnique  which  takes  
o f f  t h e  s i l v e r  w i t h o u t  damaging t h e  n i c k e l  s u b s t r a t e .  The m i r r o r  
w i l l  t h e n  b e  p l a c e d  i n  a s u i t a b l e  c o a t i n g  chamber  and c o a t e d  w i t h  
the  fo l lowing  vacuum-depos i t ed  l aye r s :  
Coat ing  Thickness  
( N i c k e l   s u b s t r a t e )  
Chromium 200 8 f 100 B 
S i l i c o n  monoxide 2500 250 8 
A1 uminum 1000 & 200 R 
S i l i c o n  monoxide 2500 x rt 250 x ( o p t i o n a l )  
If t h e  m i r r o r  i s  t o  b e  t r a n s p o r t e d  t o  a n o t h e r  f a c i l i t y  f o r  a p p l i c a t i o n  
of t he  vacuum-depos i t ed  su r face  l aye r s ,  i t  w i l l  be  p l aced  in  a box o r  
p l a s t i c  bag with a c l e a n  d r y  n i t r o g e n  a t m o s p h e r e  t o  p r o t e c t  t h e  n i c k e l  
s u r f a c e .  
4 . 3 . 6 . 2  Pro tec t ive   Coa t ings  
Three  k inds  o f  p ro tec t ive  coa t ings  are  be ing  
c o n s i d e r e d  f o r  s i l v e r e d  m i r r o r s  : 
1.  S t r i p p a b l e   p l a s t i c  (removed  before  launch) 
2 .  P h o t o l y z a b l e   f i l m   ( e v a p o r a t e s   i n   s p a c e )  
3 .  Amino s i l a n e   ( p e r m a n e n t )  
The s t r i p p a b l e  p l a s t i c  c o a t i n g s  are  o f  t h e  c e l l u l o s e  a c e t a t e  t y p e  a n d  
a re  app l i ed  by  sp ray ing .  The pho to lyzab le  f i lm  can  a l so  be  app l i ed  by  
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s p r a y i n g .  It may b e  p o s s i b l e  t o  do l i m i t e d  m i r r o r  t e s t i n g  w i t h  t h e  
s t r i p p a b l e   c o a t i n g s   o r   t h e   p h o t o l y z a b l e  f i l m .  The amino s i l a n e  
c o a t i n g  i s  appl ied  f rom a h y d r o c a r b o n  s o l u t i o n  i n  v e r y  t h i n  
l a y e r s .  It o f f e r s  s p e c i f i c  p r o t e c t i o n  f o r  s i lver  and   shou ld   no t   a f f ec t  
o p t i c a l   c h a r a c t e r i s t i c s .  However, f u r t h e r  t e s t s  are r e q u i r e d   b e f o r e  
t h i s  c o a t i n g  c a n  b e  f u l l y  e v a l u a t e d .  
4.4  T e s t i n %  
B o t h  t h e  o p t i c a l  a n d  s t r u c t u r a l  t e s t i n g  of t h e  f u l l - s c a l e  
c o l l e c t o r  c a n  b e  a c c o m p l i s h e d  i n  a manner s i m i l a r  t o  t h a t  d e v e l o p e d  
f o r   s m a l l e r   m i r r o r s .  The p a r t i c u l a r  t e s t s  t o  be  run  depend on t h e  
type  of t e s t  da ta   requi red   for   sys tem  des ign   and   deve lopment .   For  
t h a t  r e a s o n ,  t h e  t e s t s  w i l l  n o t  b e  d e t a i l e d  h e r e .  
It i s  e x p e c t e d  t h a t  t h e  p r i m a r y  o p t i c a l  a n d  p e r f o r m a n c e  
t e s t i n g  w i l l  c en te r  a round  Har tman  and  the  ca lo r ime t r i c  eva lua t ion  
of   deve lopment   mir rors .   Severa l   so la r  t e s t  f a c i l i t i e s   a r e   a v a i l a b l e  
i n  t h e  U n i t e d  S t a t e s  f o r  t e s t i n g  m i r r o r s  as l a r g e  a s  o r  l a r g e r  t h a n  
3 0 - f e e t   d i a m e t e r .   O t h e r   t h a n   p r o t e c t i n g   t h e   m i r r o r   a g a i n s t   s u r f a c e  
degrada t ion  and  excess ive  wind  loading ,  no  problems are  seen  in  ground 
t e s t i n g .  
The s t r u c t u r a l  t es t s  w i l l  p r o b a b l y  i n c l u d e  a t  l e a s t :  
1. S t a t i c   s p r i n g   r a t e  t e s t s  
2 .  S t a t i c   b u c k l i n g  t e s t s  
3 .  V i b r a t i o n  t e s t s  - mechan ica l   and   acous t i ca l  
The s i z e  of t h e  u n i t  may pose problems i n  p e r f o r m i n g  a c c e l e r a t i o n ,  
shock ,   o r   acous t i c   no i se  t e s t s .  Some the rma l   t e s t ing   can  b e  accom- 
p l i s h e d   d u r i n g   t h e   s o l a r  t e s t s .  Tempera ture   g rad ien ts   can  be induced 
by hea t  l amps  p l aced  beh ind  and  abou t  t he  pe r iphe ry  o f  t he  s t ruc tu re .  
4.5  Handling  and  Storage 
The major  handl ing problems ar ise  f rom: 
1 .  The l a r g e   s i z e  of t h e   s t r u c t u r e  
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2. The s u s c e p t i b i l i t y   t o  damage f rom  loca l   impact  
3. The n e c e s s i t y   o f   p r o t e c t i n g   t h e   r e f l e c t i v e   s u r f a c e   f r o m   d i r t  
and  co r ros ive  agen t s  
The p r o b l e m s  i n  h a n d l i n g  t h e  l a r g e  m i r r o r  are most  severe when moving 
i t  from  one f a c i l i t y   t o   a n o t h e r .   T h e s e   a r e   d i s c u s s e d   i n  more d e t a i l  
i n  S e c t i o n  4 . 6 ,  T r a n s p o r t a t i o n .   W i t h i n   t h e   m a n u f a c t u r i n g   f a c i l i t y ,  
no severe   handl ing   problems are expec ted .  All r e q u i r e d  movement of 
the  mir ror  can  be  accompl ished  by no rma l  indus t r i a l  p rocedures .  
The p rob lems  o f  p ro tec t ing  the  mi r ro r  aga ins t  l oca l  impac t  
and   sur face  damage a r e  more s e v e r e .   F o r   t h i s   r e a s o n ,  a s p e c i a l  
hand l ing  and  s to rage  con ta ine r  w i l l  b e  c o n s t r u c t e d  t o  p r o t e c t  t h e  
m i r r o r   d u r i n g   a l l   h a n d l i n g   o p e r a t i o n s .   T h i s   c o n t a i n e r   c o n s i s t s   o f  
a f r amework  hav ing  a t t achmen t s  t o  the  mi r ro r  and  ex te rna l  hand l ing  
p o i n t s .  The f r o n t  and r e a r   s u r f a c e s  o f   t he   mi r ro r   a r e   p ro t ec t ed   by  
removable   covers .  The r e a r   c o v e r  w i l l  con fo rm  to   t he   mi r ro r   shape .  
The covers  w i l l  be made i n  s e l f - i n t e r l o c k i n g  s e c t i o n s  of p l a s t i c  
r e i n f o r c e d  f i b e r g l a s s  f o r  maximum impac t  p ro tec t ion .  
E x c e p t  f o r  s p e c i a l  t e s t  pu rposes ,  t he  mi r ro r  w i l l  never  be 
l e f t  u n p r o t e c t e d  a t  any  t ime  during  the  normal  manufacture,   handling, 
t e s t i n g ,   o r   s t o r a g e   o p e r a t i o n s .  
Normal s to rage   p rocedures  w i l l  be   adequa te .   I f   t he   mi r ro r  
is  c o a t e d  w i t h  s i l v e r ,  t h e  s u r f a c e  m u s t  e i t h e r  be provided with a 
permanent   o r   removable   p ro tec t ive   coa t ing   or   the   a tmosphere   in   the  
s to rage  con ta ine r  mus t  be  ma in ta ined  f r ee  f rom su l f ide  con taminan t s .  
The l a t t e r  i s  easi ly  accomplished by providing the box with a moder- 
a t e l y  good seal a n d   b y   p u r g i n g   w i t h   d r y   n i t r o g e n .   I n   a d d i t i o n ,   t h e  
box c a n  b e  l i n e d  w i t h  a spec ia l  l ead  ace t a t e  impregna ted  pape r  wh ich  
a b s o r b s   s u l f i d e s .  The s p e c i a l   h a n d l i n g   a n d   s t o r a g e   c o n t a i n e r  w i l l  be  
d e s i g n e d  t o  p r o t e c t  t h e  m i r r o r  d u r i n g  l o n g - t e r m  s t o r a g e .  
4 . 6  T r a n s p o r t a t i o n  
The l a r g e  b u l k  o f  t h e  3 0 - f o o t  d i a m e t e r  m i r r o r ,  when mounted 
i n  i t s  hand l ing  and  s to rage  con ta ine r ,  makes  normal  sur face  t ranspor ta t ion  
79 
methods  ra ther   cumbersome.   Transportat ion.   over   the  publ ic  s t reets  i s  
p r o b a b l y  p o s s i b l e  f o r  s h o r t  d i s t a n c e s  b u t  w o u l d  r e q u i r e  a s p e c i a l  
e s c o r t .  However, t h e r e  are four   methods   o f   shor t   d i s tance   and   long  
d i s t a n c e  t r a n s p o r t a t i o n  w h i c h  a p p e a r  t o  b e  e i t h e r  p r a c t i c a l  o r  w o r t h y  
of  s e r i o u s  c o n s i d e r a t i o n .  
4.6.1 H e l i c o p t e r  
I n q u i r i e s  were p l a c e d  w i t h  c o m p a n i e s  s p e c i a l i z i n g  i n  
h e l i c o p t e r  h a n d l i n g  a n d  c o n s t r u c t i o n  w o r k  r e g a r d i n g  t h e  f e a s i b i l i t y  
o f   t r a n s p o r t i n g   t h e   3 0 - f o o t   c o l l e c t o r   b y   t h i s   m e a n s .  The l a r g e r  
h e l i c o p t e r s  a r e  c a p a b l e  of  t r a n s p o r t i n g  t h i s  s i z e  m i r r o r ,  mounted i n  
i t s  p r o t e c t i v e   c o n t a i n e r .  The he l icopter   p rovides   p robably   the   mos t  
c o n v e n i e n t  s h o r t - d i s t a n c e  t r a n s p o r t a t i o n  m e t h o d ,  p a r t i c u l a r l y  w i t h i n  
t h e   c i t y .   T r a n s c o n t i n e n t a l   t r a n s p o r t a t i o n   o f   t h e   m i r r o r   b y   h e l i c o p t e r  
a l so   appea r s   wor thy  of  c o n s i d e r a t i o n .  The c o s t ,   a l t h o u g h   n o t   n e g l i -  
g ib l e ,  does  no t  s eem ou t  o f  p ropor t ion  to  o the r  p rogram cos t s .  
4 . 6 . 2  Ship  or   Barge 
T r a n s p o r t i n g  t h e  c o l l e c t o r  b y  s h i p  o r  b a r g e  i s  f e a s -  
i b l e .  However , t h e r e  are some d isadvantages  , i n c l u d i n g :  
1. Long sh ipp ing   t ime  
2 .  Danger   of   corrosion  f rom  sea  a tmosphere 
3. D i f f i c u l t y   o f   c o n t r o l l i n g   h a n d l i n g   p r o c e d u r e s  
The co r ros ion  p rob lem shou ld  be  avo idab le  by  ca re fu l  des ign  and  sea l ing  
o f  t h e  s h i p p i n g  c o n t a i n e r .  
4 . 6 . 3  A i r  Ship  
L i g h t e r - t h a n - a i r  c r a f t  s u c h  as blimps  would seem t o  be 
i d e a l l y  s u i t e d  f o r  t r a n s p o r t i n g  b u l k y ,  d e l i c a t e  s t r u c t u r e s  s u c h  a s  t h e  
B r a y t o n   c y c l e   c o l l e c t o r .  An i n q u i r y  was placed  with  the  Goodyear  
A i r c r a f t   C o r p o r a t i o n   i n   t h i s   r e g a r d .   G o o d y e a r   i n d i c a t e d   t h a t   t h e y  
p r e s e n t l y  h a v e  no b l i m p s  w h i c h  a r e  s u i t a b l e  f o r  t r a n s p o r t i n g  s t r u c t u r e s  
o f   t h i s   s i z e .   S i n c e   t h e  Navy h a s   c o n t r o l  of l a r g e r   b l i m p s ,   a n   i n q u i r y  
t o  t h e  a p p r o p r i a t e  Navy a u t h o r i t y  c o u l d  p o s s i b l y  p r o v i d e  a s u i t a b l e  c r a f t .  
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4 . 6 . 4  Airp lane  
No c o n v e n t i o n a l  t r a n s p o r t  a i r c r a f t  i s  n e a r l y  l a r g e  
enough t o   c a r r y   t h e   3 0 - f o o t   B r a y t o n   c y c l e   c o l l e c t o r .  However,  Aero 
Space l ines ,  Inc  ., bu i lde r  o f  t he  P regnan t  Guppy, has  obta ined  opt ions  
t o  buy  two Eng l i sh -bu i l t  Saunder s -Roe  P r incess  f ly ing  boa t s  wh ich  
would  be  conver ted  in to  turbo- fan  powered ,  land-based  a i rc raf t  to  
h a u l   S a t u r n   r o c k e t   s t a g e s .   T h i s   a i r p l a n e   c o u l d   c a r r y   r o c k e t   s t a g e s  
up t o  3 3  f ee t   d i ame te r   and  82 f e e t  l o n g .  It c o u l d  e a s i l y  accommodate 
o n e   o r   s e v e r a l   o f   t h e   3 0 - f o o t   d i a m e t e r   c o l l e c t o r s .   I f   a n y   p l a n e s  of 
t h i s  t y p e  a r e  b u i l t ,  t h e y  would  provide a r e a d y  s o l u t i o n  t o  t h e  
c o l l e c t o r  t r a n s p o r t a t i o n  p r o b l e m .  
It m i g h t  a l s o  b e  p o s s i b l e  t o  b u i l d  a s p e c i a l  s h i p p i n g  
conta iner  which  could  be  s lung  benea th  the  fuse lage  of  a l a r g e  a i r p l a n e  
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5. EFFICIENCY 
The e l e c t r i c a l  power o u t p u t  o f  t h e  B r a y t o n  c y c l e  power system i s  
p r o p o r t i o n a l   t o   t h e   c o l l e c t o r - a b s o r b e r   e f f i c i e n c y .   C o l l e c t o r - a b s o r b e r  
e f f i c i e n c y  is  t h e  n e t  power abso rbed  by  the  cav i ty  abso rbe r  ( exc lus ive  
o f  t h e  c a v i t y  h e a t  l o s s e s  o t h e r  t h a n  l o s s e s  t h r o u g h  t h e  c a v i t y  a p e r -  
t u r e )  d i v i d e d  b y  t h e  g r o s s  power t h a t  c o u l d  b e  i n t e r c e p t e d  by an 
u n o b s t r u c t e d   c o l l e c t o r .   F o r   m i s s i o n s   t h a t  are  power l i m i t e d   o r   t h a t  
have   h igh -power   r equ i r emen t s ,   e f f i c i ency  i s  probably  the  most  impor- 
t a n t  s y s t e m  e v a l u a t i o n  c r i t e r i o n .  
A c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  o f  g r e a t e r  t h a n  75 p e r c e n t ,  
i n c l u s i v e   o f  a l l  a b s o r b e r   h e a t   l o s s e s ,  i s  d e s i r a b l e  f o r  as l a r g e  a 
r a n g e   o f   m i s o r i e n t a t i o n s  as p o s s i b l e .  Many e f f i c i e n c y   l o s s e s   a r e  
unavo idab le ,   a l t hough  some l o s s e s   c a n   b e   r e g u l a t e d .   T h e r e f o r e ,  i t  i s  
i m p e r a t i v e  t h a t  t h o s e  e f f i c i e n c y  l o s s e s  t h a t  c a n  b e  m i n i m i z e d  r e c e i v e  
p a r t i c u l a r   a t t e n t i o n .  A d e t a i l e d   d i s c u s s i o n  of  e f f i c i e n c y   l o s s e s  
f 01 lows. 
5 . 1  Co l l ec to r   Obscura t ion  
A l l  c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  v a l u e s  c a l c u l a t e d  i n  t h i s  
repor t  were  based  on an  a s sumed  co l l ec to r  obscu ra t ion  o f  6 p e r c e n t .  
Th i s  va lue  w a s  d e r i v e d  f r o m  p r e l i m i n a r y  s t r u c t u r a l  d e t a i l s  p r o v i d e d  
by NASA, Lewis.   Figure 5-1 shows va r ious   obscu ra t ion   l o s ses   based   on  
l a t e r  d a t a  f o r  t h e  p r o b a b l e  e x t r e m e s  i n  c a v i t y  o b s c u r a t i o n  a n d  on two 
d i f f e r e n t   s t r u c t u r a l   d e s i g n s .  The o b s c u r a t i o n   f o r   t h e s e   c a s e s   r a n g e s  
from 6 . 2  t o  7 . 2  p e r c e n t .   T h e s e   c a l c u l a t i o n s   a r e   b a s e d   o n l y  on  t h e  
e f f e c t s  of two d imens iona l   obscura t ion .   This   assumes   tha t   he   sun  i s  
a p o i n t   s o u r c e ,   p e r f e c t l y   o r i e n t e d .   A d d i t i o n a l   o b s c u r a t i o n   c a n   o c c u r  
b e c a u s e  o f  m i s o r i e n t a t i o n  e f f e c t s  a n d  t h e  f i n i t e  s o l a r  d i s c .  
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The width of  any obscured area o n  t h e  m i r r o r  d u e  t o  t h e  
r a d i a t o r  w i l l  b e  a maximum of   Atan  A$ where 1 i s  t h e   d i s t a n c e  
f r o m  t h e  c o l l e c t o r  r i m  t o  t h e  t o p  o f  the r a d i a t o r  a n d  9 i s  t h e  m i s -  
o r i e n t a t i o n  a n g l e .  
For  a p e r f e c t l y  o r i e n t e d  m i r r o r  a r ay  f rom the  edge  o f  t he  
sun ,  co r re spond ing  to  a r ay  miso r i en ted  16  minu tes  o r  0 .267  degrees  
f r o m  t h e  o p t i c a l  a x i s ,  wou ld  be  obscured  in  the  ex t r eme  case  f r cm the  
area (R-0.87)  inches  where R is  t h e   i n t e r n a l   r a d i u s   o f   t h e   r a d i a t o r .  
I n i t i a l  i n c r e m e n t s  o f  m i s o r i e n t a t i o n  w i l l  o b s c u r e  t h e  c o l l e c t o r  area 
a t  t h e  r a t e  o f  0 . 0 4  p e r c e n t  o f  t h e  t o t a l  area pe r  minu te  o f  miso r i en ta -  
t ion .  
r r 
The l o s t  r i m  area due t o  m i s o r i e n t a t i o n  e f f e c t s  i s  c o n s i s t e n t  
w i t h  t h e  r i m  area l o s t  due t o  t h e  c o l l e c t o r  s h e l l - t o r u s  j o i n t  a n d  t h e  
r a d i a t o r - c o l l e c t o r  n e s t i n g  t o l e r a n c e s .  
5 .2   Re f l ec t ive   Coa t ing  
I m p o r t a n t  c o n s i d e r a t i o n s  f o r  a r e f l e c t i v e  c o a t i n g  a re :  
1. Ref l ec t ance  
2 .   App l i ca t ion  
3 .  P r e o r b i t   a n d   o r b i t a l   e n v i r o n m e n t a l   r e s i s t a n c e .  
S i l v e r  h a s  t h e  h i g h e s t  r e f l e c t a n c e  o f  any s i n g l e  m e t a l l i c  
coa t ing .   F igu re   5 -2  shows a r e f l e c t a n c e   c o m p a r i s o n  among s i l v e r ,  
aluminum,  and s i l i c o n  monoxide protected aluminum over  the solar  spec-  
t r u m .   L a b o r a t o r y   d e p o s i t e d   s i l v e r   c o a t i n g s   h a v e   a c h i e v e d   r e f l e c t a n c e s  
between  94  and  95  percent   averaged  over   the  solar   spectrum.  However ,  
f o r  p r a c t i c a l  p u r p o s e s  a 9 1  p e r c e n t  r e f l e c t a n c e  i s  a r e a s o n a b l e  v a l u e  
t o  b e  e x p e c t e d  i n  p r o d u c t i o n .  
F igure  5-3  shows t h e  e f f e c t  o f  r e f l e c t a n c e  on c o l l e c t o r -  
a b s o r b e r  e f f i c i e n c y  b a s e d  o n  a n  8 0 . 5  p e r c e n t  e f f i c i e n c y  f o r  a 91  pe r -  
c e n t   r e f l e c t i v e   s i l v e r   c o a t i n g .   I n   t h i s   c o m p a r i s o n ,   p r a c t i c a l   r e f l e c t -  
ance  va lues  o f  88 p e r c e n t  f o r  a luminum and 85 percent  for  s i l icon 
monoxide  protected  aluminum are  used .  Though t h e  p r a c t i c a l  r e f l e c t a n c e  
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FIG. 5-3 COLLECTOR-ABSORBER EFFICIENCY VS REFLECTANCE 
values  for  a luminum and s i lver  are about  2 p e r c e n t  t o  4 percent  lower 
t h a n  t h e  t h e o r e t i c a l  r e f l e c t a n c e  v a l u e s ,  t h e s e  v a l u e s  are  based  on 
a c t u a l   c o l l e c t o r  tes ts .  On t w o - f o o t   a n d   f i v e - f o o t   s o l a r   c o l l e c t o r s  
EOS h a s  a c h i e v e d  c o l d  c a l o r i m e t e r ,  u n o b s c u r e d  e f f i c i e n c i e s  o f  9 1  pe r -  
c e n t   u s i n g   c h e m i c a l l y   d e p o s i t e d   s i l v e r .  Aluminum c o a t e d   f i v e - f o o t  
c o l l e c t o r s  h a v e  n e v e r  e x c e e d e d  a co ld  ca lo r ime te r  unobscured  e f f i -  
c iency   of  88 p e r c e n t .   F o r   p r a c t i c a l   p u r p o s e s   t h e   c o l l e c t o r   s u r f a c e  
r e f l e c t a n c e  is  e q u a l  t o  t h e  maximum e f f i c i e n c y  a c h i e v e d  u n d e r  c o l d  
c a l o r i m e t e r  t e s t i n g  ( u s i n g  a l a r g e  a p e r t u r e )  w i t h  n o  o b s c u r a t i o n .  
C h e m i c a l l y  d e p o s i t e d  s i l v e r  is  t h e  recommended coa t ing  fo r  t he  Bray ton  
c y c l e  c o l l e c t o r  b e c a u s e  o f  i t s  s ign i f i can t  pe r fo rmance  advan tage .  
E x t e n s i v e  e x p e r i e n c e  w i t h  t h e  u s e  o f  s i l v e r  a t  EOS i n d i c a t e s  t h a t  
s i l v e r  i s  a p r a c t i c a l   c o a t i n g   f o r   l a r g e   c o l l e c t o r s .  However, i f   f o r  
some u n f o r e s e e n  r e a s o n  s i l v e r  p r o v e s  u n s a t i s f a c t o r y ,  a l u m i n u m  o r  A l / S i O  
c a n  b e  a p p l i e d  t o  t h e  c o l l e c t o r  by  vacuum d e p o s i t i o n .  The  methods of 
a p p l y i n g  s i l v e r  o r  o t h e r  c o a t i n g s  t o  c o l l e c t o r  s u r f a c e s  a r e  d i s c u s s e d  
i n   t h e   m a n u f a c t u r i n g   s e c t i o n  ( 4 . 3 . 7 ) .  The d u r a b i l i t y  of t h e s e   c o a t -  
i ngs  be fo re  l aunch  and  in  space  i s  d i s c u s s e d  i n  t h e  R e l i a b i l i t y  S e c -  
t i o n  7 . 0 .  
5 . 3  Optimum C o l l e c t o r  R i m  Angle 
For a g i v e n  c o l l e c t o r  d i a m e t e r  v a r i o u s  f a c t o r s  a f f e c t  t h e  
choice   o f   the   op t imum  co l lec tor  r i m  angle .   These   inc lude :  
1. 
2 .  
3 .  
4. 
5 .  
6 .  
7 .  
S t r u c t u r a l  i n t e g r i t y  o f  c o l l e c t o r  s h e l l  
T o t a l  o f  c o l l e c t o r  a n d  s t r u t  w e i g h t  
S u r f a c e  e r r o r  d i s t r i b u t i o n  o v e r  c o l l e c t o r s  o f  d i f f e r e n t  
r i m  a n g l e s ,  as a f u n c t i o n  o f  r i m  a n g l e  
Cav i ty  a x i a l  misfocus  and  rad ia l  misa l ignment  
Subtended  angle   of   the   solar   source  and  l imb  darkening 
e f f e c t s  
Thermal   e r rors  
Angu la r  miso r i en ta t ion  as a func t ion  o f  t i m e  
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8. S t r u c t u r a l   e r r o r s   c a u s e d  by o r b i t i n g  f o r c e s  
9.  Packaging   he ight  
For a p e r f e c t  c o l l e c t o r  w i t h  p e r f e c t  f o c u s  a n d  o r i e n t a t i o n  
when 100 p e r c e n t  o f  t h e  r e f l e c t e d  e n e r g y  i s  f o c u s e d  i n t o  t h e  c a v i t y  
a p e r t u r e ,  t h e  maximum c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  o c c u r s  a t  a 45 
degree  r i m  angle.  Based  on 6 p e r c e n t   o b s c u r a t i o n ,  a r e f l e c t a n c e  o f  
9 1  percent  and  an absorber  tempera ture  of  2110°R, t h e  v a r i a t i o n  i n  
t o t a l  c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  b e t w e e n  a 45 degree  r i m  angle  and 
a 60 degree r i m  ang le  "pe r fec t "  co l l ec to r  a s  above  wou ld  be  l e s s  t han  
0.4  p e r c e n t .  A comparison  of 45 and 60 degree  r i m  a n g l e  c o l l e c t o r s  
i s  g iven  in  Tab le  5 -1 .  
TABLE 5 -1  
COMPARISON OF HIGH AND LOW R I M  ANGLE COLLECTORS 
TYPIFIED BY 45 AND 60 DEGREE R I M  ANGLES 
Advantages 
45 Degree R i m  Angle 60 Degree R i m  Angle 
S m a l l e r   t h e o r e t i c a l  image 
Smal l e r  su r f ace  a rea  
More r i g i d i t y  
Less s h e l l  w e i g h t ,  f o r  t h e  same 
r i g i d i t y  
Low packaging  he ight  Shor te r  and  much l i g h t e r  s t r u t s  
L e s s  e f f i c i e n c y  loss  due t o :  Much l e s s  t o t a l  w e i g h t  
Axial  m i s  f ocus   Lese f f i c i ency  loss due t o :  
M i s o r i e n t a t i o n  
R i m  e r r o r s  
Random e r r o r s  
Radia l  misa l ignment  in  the  
foca l   p l ane  
The o p t i m i z a t i o n  o f  e f f i c i e n c y  as a f u n c t i o n  of r i m  ang le  
i s  highly dependent  on t h e  w e i g h t i n g  g i v e n  t o  e a c h  f a c t o r  a f f e c t i n g  
e f f i c i e n c y .  Many f a c t o r s   w h i c h   a f f e c t   o p t i c a l   e r r o r s   c a n   o n l y   b e  
determined by e x p e r i m e n t a l   s t u d i e s  of f u l l   s c a l e   c o l l e c t o r s .   T h e r e -  
f o r e ,  as a f i r s t  a p p r o x i m a t i o n  t h e  c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  c a n  
be  cons idered  as a c o n s t a n t  f o r  r i m  angles  between 45 and 60  deg rees .  
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Under  this assumption the optimum rim angle would be a function of 
structural integrity, packaging, and weight. For efficiency  calcula- 
tions  a rim angle  of 60 degrees was used throughout this  analysis. 
For analysis  purposes  consider the figure of merit K v/W, where K 7 1 1 
is the system power, the system efficiency and W the system weight. 
K ' s  used in this study  are  proportionality  constants which do  not 
vary in the  analysis.  For  a  constant  efficiency  only  W will change 
with rim angle. 
w = w c + w s + w  
P 
where W is the  collector weight 
C 
W is the  strut  weight 
W is the  remaining system weight 
S 
P 
Since W is constant for constant power, the  maximum  figure  of merit, 
power 
system weight 
P 
will occur  at minimum Wc +.Ws. Therefore, the optimum rim angle  from 
a weight standpoint will occur  at  the  point of minimum W + Ws. 
C 
wS J 
strut weight, varies with the allowable  strut  deflec- 
tion, given by 
w = F(Wc, Ws, Is, a s )  
where I and  are  the  moment of inertia  and  length  of  the  strut. 
Assuming as a  first  approximation  that  the  collector  and 
S S 
torus weight are  constant for all rim angles  and  neglecting  the  effect 
of  strut weight on strut  deflection,  then  strut  deflection, w is 
given by 
w =  L 4 4 
Do - Di 
These assumptions  only understate the  total weight at low rim angles. 
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For  s t ru t  we igh t  compar i sons  the  fo l lowing  bas i c  des ign  
was assumed: 
d e s i g n  = t u b u l a r ,   t r i p o d  
9, = 17.3 f e e t  ( r i m  t o   f o c a l   p o i n t   d i s t a n c e   f o r  a 
S 60 degree  r i m  a n g l e )  
D = 5 . 5   i n c h e s ( o u t s i d e   d i a m e t e r   o f   s t r u t )  
D = 5 . 2 5   i n c h e s   ( i n s i d e   d i a m e t e r   o f   s t r u t )  
0 
i 
p = 0.097 l b / i n   ( d e n s i t y  of s t r u t   m a t e r i a l )  3 
S t r u t  l e n g t h s  f o r  o t h e r  r i m  a n g l e s  were c a l c u l a t e d  f r o m  t h e  e q u a t i o n  
,-, 
R' 2 
4f 
t 2  = ( f  --) + R 2 
S 
Where f i s  t h e  m i r r o r  f o c a l  l e n g t h  a n d  R i s  t h e  r i m  r a d i u s .  The 
t u b u l a r  moment of i n e r t i a  was va r i ed  by  chang ing  D and  keeping D 
c o n s t a n t  so t h a t  7 would   no t   be   changed   by   increased   s t ru t  
o b s c u r a t i o n .  
i 0 
c - a  
For a c o n s t a n t  d e f l e c t i o n  w ;  
4 4 
Do - 
must  be a c o n s t a n t .   T h e r e f o r e   b o t h  ,E and D must  change  with r i m  
a n g l e  a n d  t h e  s t r u t  w e i g h t  c a n  b e  c a l c u l a t e d  f o r  a n y  r i m  a n g l e ,  5 ,  
S 1 
s u c h   t h a t  W = 3Rs n(Do - Di)P. A p l o t  of W vs 5 i s  shown i n  2 
S S 
Fig .   5 -4 .  4 
The c o l l e c t o r  w e i g h t  f o r  a n y  r i m  ang le  can  be  ca l cu la t ed  by  
assuming: 
1. F o r  c o n s t a n t  s h e l l  r i g i d i t y  s h e l l  t h i c k n e s s ,  t ,  0: fAc 
2 .  C o l l e c t o r  s h e l l  w e i g h t  a t A  
3 .  Torus weight a s h e l l  w e i g h t  
4 .  Co l l ec to r  we igh t  a t  60 degrees  r i m  a n g l e  = 500 pounds; 
C 
T h e r e f o r e ,  t h e  w e i g h t s  o f  c o l l e c t o r s  of o t h e r  r i m  a n g l e s  h a v i n g  t h e  
same s t r u c t u r a l  s t r e n g t h  were de termined  by  assuming the  fo l lowing  
r e l a t i v e  f o c a l  l e n g t h s  a n d  r e l a t i v e  s h e l l  a r e a s :  
200c 
180C 
160C 
140C 
I20C 
n 
m cn 
2 
0 a 
= IOOC 
v 
k- 
I 80C 
c3 -s 
600 
400 
200 
0 
0 IO 20 30 40 50 60 70 
c, RIM ANGLEJdegrees) 
F I G .  5-4 COLLECTOR  WEIGHT,  STRUT  WEIGHT AND TOTAL  WEIGHT  AS 
A FUNCTION  OF  RIM ANGLE  FOR A 30-FT COLLECTOR 
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A p l o t  of W and W + W vs. 5 i s  a l s o  shown i n  F ig .  
C Y 5   C Y 5  s ' 5  
5-4 .  T h i s  i n d i c a t e s  t h a t  t h e  minimum we igh t   occu r s   a t  a r i m  ang le  
g r e a t e r  t h a n  60 degrees .  
The r a d i a t o r  h e i g h t  h now limits t h e  maximum r i m  a n g l e  t o  
55 d e g r e e s   f o r  a 3 0 - f o o t   c o l l e c t o r .  The  optimum r a d i a t o r  h e i g h t  f o r  
a 2 0 - f o o t  c o l l e c t o r  w i l l  be  cons idered  be low.  
r 
The pa rabo lo id  packag ing  he igh t ,  h , e q u a l s  t h e  s a g i t t a ,  
P 
h: 
System power is  a f u n c t i o n  o f  c o l l e c t o r  a r e a :  
2 
K l  TT D 
P = K3 Ac - 
S 4 
Radia to r  a rea  i s  a func t ion  o f  r ad ia to r  he igh t  and  d i ame te r .  
Ar = K4 TT h Dr r 
For e q u i v a l e n t  s y s t e m  e f f i c i e n c i e s ,  t h e  r a t i o  of  power o u t p u t  t o  r a d i -  
a t i n g  a r e a  w i l l  be  approximate ly  the  same,  or :  
t r anspos ing  
.'. hr K7 
b u t  
h = 16 D [ fl 
P 
. ' .  f o r   c o n s t a n t  r i m  a n g l e s ,  i . e . ,  - = Kg 
hr 
h 
D 
f 
" - and ... is independent   ofdiameter .  
P 
T h e r e f o r e  i f  t h e  p a c k a g i n g  h e i g h t ,  h , l i m i t s  t he  30 - foo t  
P 
d i a m e t e r  c o l l e c t o r  r i m  a n g l e  t o  a maximum of 55 d e g r e e s ,  t h e  r i m  ang le  
fo r  t he  20 - foo t  d i ame te r  co l l ec to r  wou ld  a l so  p robab ly  be  l imi t ed  to  
55  degrees.  
The eff ic iency would have to  change appreciably between 45 
and 60 degree  r i m  a n g l e s  t o  make a n y  d i f f e r e n c e  i n  t h e  t r e n d  of t h e  
power/system  weight   f igure  of   meri t .  The 
must  be a c o n s t a n t  f o r  e q u i v a l e n t  f i g u r e s  
term 
of mer i t ,  where  r\ %c-a .  
Therefore  
'c-a 
Ws + W + K10 
C 
m u s t  be   cons tan t .   Based  on  a system  weight of 2000 l b ,  a c o l l e c t o r  
and s t r u t  weight  of 700 l b ,  and  a 55 degree r i m  a n g l e  e f f i c i e n c y  of 
80 .5  pe rcen t ,  t he  fo l lowing  e f f i c i enc ie s  wou ld  be  r equ i r ed  to  ma in -  
t a i n  a c o n s t a n t  p o w e r / s y s t e m  w e i g h t  r a t i o  f o r  t h e  3 0 - f o o t  c o l l e c t o r .  
R i m  Angle 
55O 
50' 
450 
Weight 
2000 l b  
2130 l b  
2300 l b  
E f f i c i ency  
80.5% 
85.8% 
92.5% 
E f f i c i e n c y  
Weight 
0.0403 %/ l b  
0.0403 %/ l b  
0.0403 % / l b  
S ince  it  is  t h e o r e t i c a l l y  i m p o s s i b l e  t o  a c h i e v e  a n  e f f i -  
c iency  of  over  85 .5  percent  wi th  6 percent  obscura t ion  and  9 1  pe rcen t  
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r e f l e c t i v i t y  even i f  t h e  e f f i c i e n c y  w a s  n o t  c o n s t a n t  o v e r  t h e  r a n g e  
of  45 t o  55 d e g r e e s ,  t h e  55 degree  r i m  angle  would s t i l l  have  the  
bes t  power / sys t em we igh t  r a t io .  
The u s e  o f  t a p e r e d  t u b u l a r  s t r u t s  o r  t a p e r e d  r e c t a n g u l a r  
s t r u t s  o f  h i g h  I and similar c r o s s  s e c t i o n  c o u l d  a c h i e v e  l i g h t e r  s t r u t  
w e i g h t s   f o r   t h e  same d e f l e c t i o n   a n d   o b s c u r a t i o n .   L i g h t e r   s t r u t s   w o u l d  
d e c r e a s e  t h e  a d v a n t a g e  o f  t h e  55 degree  r i m  a n g l e .  
5.4 Computer  Analysis  Program 
When t h i s  d e s i g n  s t u d y  b e g a n  no one computer program could 
adequate ly  handle  a l l  t h e  c a l c u l a t i o n s  n e c e s s a r y  f o r  a d e t a i l e d  
c o l l e c t o r - a b s o r b e r   e f f i c i e n c y   a n a l y s i s .   A l s o  a d e t a i l e d   a n a l y s i s   o f  
s u r f a c e  e r r o r s  o f  c o l l e c t o r s  made b y  v a r i o u s  f a b r i c a t i o n  t e c h n i q u e s  
was n o t   a v a i l a b l e .   T h e r e f o r e   t h e   d e c i s i o n  w a s  made t o  u s e  a n  e x i s t i n g  
op t i ca l  r ay - t r ace  p rogram wi th  a s u r f a c e  e r r o r  a p p r o x i m a t i o n  t o  g e n e r a t e  
e f f i c i e n c y   c a l c u l a t i o n s .  The choice   o f   the   ray- t race   p rogram s t i l l  
a p p e a r s  t o  b e  a good o n e ,  b e c a u s e  o f  t h e  l i m i t e d  s u r f a c e  e r r o r  d i s t r i -  
b u t i o n  d a t a  o n  a c t u a l  c o l l e c t o r s  and the  h igh  cos t  o f  mak ing  an  accu -  
r a t e  m i s o r i e n t a t i o n  t r a c e  u s i n g  a more r igorous program which i s  be ing  
developed.  This  advanced  computer  program  involving a c o l l e c t o r ,  
cav i ty  absorber  and  absorber  hea t  exchanger  i s  be ing  developed  by  the  
Aerospace  Corpora t ion  wi th  the  a s s i s t ance  o f  D r .  George  Shrenk,  con- 
s u l t a n t   t o   t h e   A l l i s o n   D i v i s i o n   o f   G e n e r a l   M o t o r s .  The c o l l e c t o r  p a r t  
o f  t h i s  p rogram can  hand le  co l l ec to r - abso rbe r  conf igu ra t ions  o f  t h e  
f o l l o w i n g  c h a r a c t e r i s t i c s :  
1. Co l l ec to r s   o f   any  s i z e ,  s h a p e ,   o r   c o n f i g u r a t i o n  
2 .  O r i e n t a t i o n   e r r o r s  
3 .  Sun  of   any  angular   diameter  
4 .  Limb darkening   of   the   sun  
5 .  S u r f a c e   e r r o r s   d u e   t o   t h e r m a l   d i s t o r t i o n  
6 .  Any d i a m e t e r   c a v i t y   a p e r t u r e  
7 .  Absorbe r   su r f aces   o f   any   conf igu ra t ion  
94 
c 
Although th is  program i s  e x t r e m e l y  r i g o r o u s ,  i t  is  based  on  an  assumed 
n o r m a l  d i s t r i b u t i o n  of s u r f a c e  m i r r o r s ,  w h i c h  i s  p robab ly  inva l id ,  and  
r e q u i r e s  r e l a t i v e l y  l o n g  c o m p u t e r  r u n n i n g  t i m e  for   cases   o f   l imb  darken-  
i n g ,  m i s o r i e n t a t i o n ,  a n d  a combina t ion  of  bo th  c i rcumferent ia l  and  
r a d i a l   e r r o r s .   F o r   e x a m p l e ,   o n e  case of   misor ien ta t ion   run   by   Aerospace  
C o r p o r a t i o n  u s i n g  t h i s  c o l l e c t o r  p r o g r a m  t o o k  60 minutes on an I B M  7094 
t o  accumula t e  76 p e r c e n t  o f  t h e  t o t a l  e n e r g y  f o r  o n e  c a v i t y  a p e r t u r e  
d i ame te r   t r ace .   Th i s   example  w a s  r u n   w i t h o u t   c o r r e c t i o n s   f o r   l i m b   d a r k e n i n g .  
Adequate  cor rec t ions  for  l imb darkening  might  have  increased  the  running  
t i m e  from 4 t o  10 t imes.  S i n c e   a n   a c c u r a t e   a n a l y s i s   o f   a n y   m i s o r i e n t a -  
t i o n  c a s e  m i g h t  r e q u i r e  a t  l eas t  t h r e e  d i a m e t r i c  t r a c e s ,  t h e  c o s t  o f  a 
r igo rous  ana lys i s  o f  one  miso r i en ta t ion  case ,  a s suming  3 t o  4 hours  of  
computer t i m e  a t  $600.00 an  hour ,  does  no t  seem economical ly   sound  for  
p a r a m e t r i c  a n a l y s i s  p u r p o s e s  when t h e  i n p u t  e r r o r  d a t a  i s  q u e s t i o n a b l e .  
I n  summary, t h e  EOS r a y - t r a c e  a n a l y s i s  w a s  found  to   be  more 
s u i t a b l e  f o r  e c o n o m i c a l  p a r a m e t r i c  s t u d i e s  i n v o l v i n g  many v a r i a b l e s .  
However, f o r  d e t a i l e d  s y s t e m  d e s i g n  c a l c u l a t i o n s ,  a r igorous   and   accu-  
ra te  program,  such  as t h a t  b e i n g  d e v e l o p e d  by Aerospace,  should be used.  
The fo l lowing   subsec t ions   summar ize   the  EOS a n a l y s i s .  
5 . 4 . 1  C o l l e c t o r   G r i d  
The EOS m i r r o r  a n a l y s i s  was based on t h e  I B M  1620 ray-  
t race   and   energy   d i s t r ibu t ion   program.   This   p rogram  can   handle  a t o t a l  
of 500 r a y s .  To accommodate the   l imb   da rken ing   e f f ec t s   and   co l l ec to r  
m i s o r i e n t a t i o n  t h e  s o l a r  d i s c  was r e p r e s e n t e d  by t e n  d i f f e r e n t  a n g u l a r  
m i s o r i e n t a t i o n s  r e p r e s e n t i n g  t h e  d i v i s i o n  o f  t h e  s o l a r  d i s c  i n t o  t e n  
a r e a s   o f   e q u a l   e n e r g y   c o n t r i b u t i o n .   T h e r e f o r e ,  a t o t a l   o f  50 p o i n t s  
maximum w a s  u sed   i n   each   r ay   t r ace .   These   po in t s   were   equa l ly   spaced  
on a s q u a r e   g r i d   a c r o s s   t h e   u n o b s t r u c t e d   c o l l e c t o r .   B e c a u s e   o f  symme- 
t r y   o n l y  1 / 2  t h e   c o l l e c t o r  was t r a c e d .   I n   p r a c t i c a l i t y ,   o n l y  48 s p o t s  
f i t  a c r o s s  t h e  a p e r t u r e ,  s o  a t o t a l  of 480 rays  were  t r aced  fo r  any  
g i v e n  c a s e .  
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5.4.2 Limb Darken ing   E f fec t s  
Using a s o l a r  e n e r g y  d i s t r i b u t i o n  d e f i n e d  i n  R e f .  5-1, 
an  equa t ion  was d e r i v e d  f o r  s o l a r  r a d i a t i o n  i n t e n s i t y  as a f u n c t i o n  o f  
r a d i u s  o n  t h e  s o l a r  d i s c .  
The l o c i  o f  t h e  t e n  e q u a l  e n e r g y  z o n e s  were then con-  
v e r t e d  t o  a m i s o r i e n t a t i o n  a n g l e  a n d  u s e d  w i t h  t h e  IBM 1620  r ay - t r ace  
program.  The  ray- t race  program i s  similar t o  t h a t  u s e d  i n  g e o m e t r i c  
o p t i c s .  From t h e   o u t p u t   o f   t h e   r a y - t r a c e   p r o g r a m   a n   e n e r g y   d i s t r i b u -  
t i o n  a c r o s s  t h e  f o c a l  p l a n e  was c a l c u l a t e d .  
5 .4 .3   Represen ta t ion   o f   Su r face   E r ro r s  
F r e q u e n t l y ,  f o r  l a c k  o f  a c t u a l  d a t a ,  r a n d o m  G a u s s i a n  
e r r o r  d i s t r i b u t i o n s  h a v e  b e e n  u s e d  t o  r e p r e s e n t  c o l l e c t o r  s u r f a c e  e r r o r s .  
The  r andom Gauss i an  d i s t r ibu t ion  does  no t  adequa te ly  r ep resen t :  
1. R a d i a l   e r r o r s  a t  t h e   c o l l e c t o r  r i m  j o i n t  
2 .   C i r c u m f e r e n t i a l   e r r o r s  a t  any r a d i a l   j o i n t s   o r   r i b s  
3. Z o n a l   d e f e c t s   o f   t h e   m i r r o r  
I n  a c t u a l  p r a c t i c e  i t  a p p e a r s  t h a t  t h e  maximum e r r o r s  o f  a n  e l e c t r o -  
f o r m e d  m i r r o r  a r e  r a d i a l  a t  t h e  c o l l e c t o r - t o r u s  r i m  j o i n t  o r  d u e  t o  
z o n a l  d e f e c t s  o f  t h e  m i r r o r .  
A t e n t h  o r d e r  p o l y n o m i a l  e r r o r  r e p r e s e n t a t i o n  was 
chosen  for   mathematical   and  computer   program  s implici ty .   This   error  
d i s t r i b u t i o n  c o n c e n t r a t e s  t h e  e r r o r s  n e a r  t h e  r i m  and  the re fo re  causes  
a h i g h e r  e f f i c i e n c y  l o s s ,  f o r  a n y  s t a n d a r d  d e v i a t i o n  e r r o r ,  t h a n  a n  
e q u i v a l e n t  random G a u s s i a n  e r r o r .  
T h e r e f o r e ,  t h e  t e n t h  o r d e r  p o l y n o m i a l  e r r o r  d i s t r i b u -  
t i o n  a p p e a r s  c o n s e r v a t i v e  b u t  p r o v i d e s  a good approximat ion  of  the  
a c t u a l  e r r o r  d i s t r i b u t i o n  f o r  e l e c t r o f o r m e d  m i r r o r s .  
Computer  runs were pe r fo rmed  on  co l l ec to r s  hav ing  the  
polynomia l   e r ror  terms of   lx ,   2x,   3x  and 7 . 5 ~  (+ 0.18145380 x 10 z - 
0.1569039 x 10 z + 0.4414007 x 10-7z8 - 0.3999201 x 10 z ) , where 
-4 4 
-5 6 -9 10 
z e q u a l s  % f e e t )  2.5 
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Based  on  the  gr id  used  in  the  ray- t race  program,  
t h e s e  p o l y n o m i a l  e r r o r  terms c o r r e s p o n d  t o  c o l l e c t o r s  h a v i n g  s u r f a c e  
e r r o r s  w i t h  a s t a n d a r d  d e v i a t i o n  of 2 ,  4 ,  6, and 15 minutes ,  respec-  
t i v e l y ,  a n d  maximum s u r f a c e  e r r o r s  of 5 ,  10, 15, and 37-1/2 minutes ,  
r e s p e c t i v e l y .  The computer   energy   d i s t r ibu t ion   program  genera ted  a 
t ab le  o f  ene rgy  i n  5 percent  increments  as a f u n c t i o n  of t h e  c a v i t y  
a p e r t u r e  r a d i u s  t o  e n c o m p a s s  a g iven  pe rcen tage  of t o t a l  e n e r g y .  Two 
t yp ica l  cu rves  de r ived  f rom the  ene rgy  d i s t r ibu t ion  p rogram are shown 
i n  F i g s .  5-5 and 5-6 f o r  c a s e s  i n  w h i c h  t h e r e  w a s  a 0 ,  21.2 and +2.4 
i n c h  a x i a l  f o c u s  s h i f t .  N o t e  t h a t  i n  F i g .  5-5 and   d iameter   requi red  
t o  encompass 100 percent  of  the  energy  a t  t h e  f o c a l  p o i n t ,  4.4 i n c h e s ,  
is  l a r g e r  t h a n  t h e  t h e o r e t i c a l  r a d i u s ,  3 . 8 6  i n c h e s ,  b e c a u s e  t h e  v i g n e t t e d  
aperture  computat ion program uses  points  beyond the 30-foot  diameter .  
T h i s  h a s  t h e  e f f e c t  of m a k i n g  t h e  c o l l e c t o r - a b s o r b e r  e f f i c i e n c i e s  
c o n s e r v a t i v e  by 1 / 2  pe rcen t  o r  less.  
- 
The r e s u l t s  f rom these curves were then plot ted on Fig .  
5-7,  which i s  c a l c u l a t e d  f r o m  b l a c k b o d y  r a d i a t i o n  l o s s e s ,  r e s u l t i n g  i n  
a p l o t  of c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  vs .  c a v i t y  a p e r t u r e  d i a m e t e r .  
These  p lo t s  were t h e n  u s e d  t o  g e n e r a t e  t h e  c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  
c u r v e s  p r e s e n t e d  t h r o u g h o u t  t h i s  r e p o r t .  
5 .5   Co l l ec to r   Su r face   E r ro r s  
C o l l e c t o r   s u r f a c e   e r r o r s   c a n   b e   c l a s s i f i e d  a s :  microscopic ,  
macroscopic,  and  long  wave. A c o l l e c t o r  e f f i c i e n c y  c a n n o t  b e  a d e -  
q u a t e l y  p r e d i c t e d  u n l e s s  e a c h  of t h e s e  s u r f a c e  e r r o r s  i s  cons ide red .  
Too o f t en  one  o r  two  of t h e s e  t y p e s  of s u r f a c e  e r r o r s  a r e  d i s r e g a r d e d  
i n  t h e  e s t i m a t i o n  of c o l l e c t o r - a b s o r b e r   e f f i c i e n c y .   T a b l e   5 - 1 1   i l l u s -  
t ra tes  several  examples ,  and measurement  techniques,  with comments on  these  
t h r e e   t y p e s  of s u r f a c e  e r r o r s .  F i g u r e  5 - 8  d e p i c t s  t h e  e f f e c t s  of  each 
of t h e s e   e r r o r s .   I f   t h e   m i c r o s c o p i c   s u r f a c e   e r r o r s   a r e   d i s r e g a r d e d ,  
t h e   s u r f a c e   r e f l e c t a n c e  i s  o f t e n   o v e r s t a t e d .   I f   s u r f a c e   e r r o r s   c h a r -  
a c t e r i s t i c  of macroscop ic  e f f ec t s  on  a c o l l e c t o r  a r e  n e g l e c t e d , t h e  
s t a n d a r d  d e v i a t i o n  of t h e  c o l l e c t o r  s u r f a c e  i s  underes t imated .  
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FIG. 5-5  SOLAR IMAGE  DIAMETER  VS  FOCAL  PLANE  SHIFT  FOR 
VARIOUS  REFLECTED  ENERGY  LEVELS;  A  PERFECT 30 
FT. DIAMETERy 60° RIM  ANGLE, f = 12.99 FT. 
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TABLE 5-11 
COLLECTOR  REFLECTIVE  SURFACE  ERRORS 
Examples  Measurement  Technique
Sleeks , scratches , 1. 
fine  scale  orange 2. 
peel , crazing , 
micrometeorite 
damage 3 .  
Backing  structure  1. 
mark  off , gross 
orange  peel,  short 
wavelength  waviness 
Joint  edge roll, 1. 
master  waviness 2. 
residual  internal 3 .  
stress,  thermal 
distortion 
Cold  calorimeter ,
Extremely  accurate 
reflectance  meas- 
ur  ement s 
rms  roughness 
measurements 
Precise  Hartmann or 
collimator  tests on 
a  macroscale 
Hartmann test 
Collimator  test 
Cold  calorimeter 
C omen t s 
Difficult to measure 
except  by  calorimetric 
performance.  (Generally 
the  difference  between 
expected  reflectance  and 
maximum  cold  calorimeter 
performance) 
Difficult to  differ- 
entiate by standard 
Hartmann or collimator 
tests - error  affects 
the  diameter  rather  than 
the  locus  of  the  axis of 
the  reflected  light  cone 
Easy  to measure  with 
Hartmann and  collimator 
test. Error measured 
by  the  locus  of  the  axis 
of the  reflected  light 
cone. 
F (LONGWAVE ERROR) 
THEORETICAL FOCAL PLANE 
CONE 7 c" R "I 1- ACTUAL CONE 
I 
DIFFUSE REFLECTION 
F (MICROSCOPIC ERROR) 
COLLECTOR REFLECTIVE SURFACE 
FIG. 5-8 COLLECTOR  REFLECTIVE  SURFACE  ERRORS 
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5 .5 .1   Mic roscop ic   E r ro r s  
M i c r o s c o p i c  s u r f a c e  e r r o r s  c a u s e  d i f f u s e  r e f l e c t i o n  
w h i c h   r e s u l t s   i n  a l o w e r   e f f e c t i v e   s u r f a c e   r e f l e c t a n c e .   T h e s e   e r r o r s  
c a n  r e s u l t  f r o m  o p t i c a l  p o l i s h i n g  t e c h n i q u e s ,  t e l e g r a p h i n g  o f  s u b -  
s t r a t e  d e f e c t s ,  h a z i n e s s  of f r e e - c a s t  p l a s t i c  s u r f a c e s  s u c h  as occur s  
on  spuncast  masters, or  m i c r o m e t e o r i t e   d e g r a d a t i o n .   m c r o s c o p i c   e r r o r s  
e x p l a i n  t h e  d i f f e r e n c e  b e t w e e n  t h e  e x p e c t e d  c o l l e c t o r  r e f l e c t a n c e  ( a s  
d e t e r m i n e d  f r o m  t h e  r e f l e c t a n c e  o f  s p e c i a l l y  p r e p a r e d  c o a t i n g  s a m p l e s )  
a n d  t h e  a c t u a l  maximum co ld  ca lo r ime te r  e f f i c i ency  o f  t he  comple t e  
m i r r o r .  
5 .5 .2   Macroscopic   Er rors  
M a c r o s c o p i c  e r r o r s  a r e  t h o s e  w h i c h  a r e  i n d i v i d u a l l y  
v i s i b l e  t o  t h e  u n a i d e d  e y e  b u t  w h i c h  a r e  v e r y  small compared with 
o v e r a l l   m i r r o r   d i m e n s i o n s .  They c a n   r e s u l t   f r o m   g r o s s   p o l i s h i n g  
d e f e c t s ,  s t r e s s  c o n c e n t r a t i o n s  d u e  t o  b a c k i n g  s t r u c t u r e  a t t a c h m e n t ,  
o r  r i p p l e s  i n  t h e  s u r f a c e  o f  p l a s t i c   s p u n   c a s t   m a s t e r s .   T h e s e   e r r o r s  
may eas i ly  e scape  no t i ce  in  s t anda rd  Har tmann  o r  co l l ima to r  t es t s  
because they may be  small compared with the Hartmann spot  or  the 
beam f rom  the   co l l ima to r .   These   macroscop ic   e r ro r s   i nc rease   t he   a r ea  
o f  t h e  r e f l e c t e d  c o n e  o f  l i g h t  w h e r e a s  t h e  s t a n d a r d  Hartmann t e s t  
measures   the   d i sp lacement   o f   the   re f lec ted   cone   cen ter   f rom  the   theo-  
r e t i c a l  image p o i n t .  A s  shown i n   F i g .   5 - 8   m a c r o s c o p i c   e r r o r s  are  
p r e s e n t  when product  ab i s  g r e a t e r  t h a n  t h e  p r o d u c t  a ' b '  w h e r e  a 
and b , a ' and b ' are  the  minor  and  major  axes  o f  t h e  a c t u a l  and theo- 
r e t i c a l  images  o f  t he  r e f l ec t ed  l i gh t  cone  on  the  foca l  p l ane .  
5 . 5 . 3  Long Wave E r r o r s  
Long  wave e r r o r s  are  produced by o v e r a l l  c o l l e c t o r  
f a b r i c a t i o n  e r r o r s ,  g r o s s  master d i s t o r t i o n  and r e s i d u a l  o r  e n v i r o n -  
m e n t a l   s t r e s s e s .   T h e s e   e r r o r s   c a n   b e   m e a s u r e d   r e a d i l y  by  Hartmann o r  
c o l l i m a t o r  t e s t  methods. 
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5 .5 .4   Su r face   E r ro r   Ana lys i s  
F i g u r e s  5-9 , 5-10, a n d  5 - 1 1  d e p i c t  t h e  c h a n g e  i n  c o l -  
l e c t o r  a b s o r b e r  e f f i c i e n c y  as a f u n c t i o n  o f  t h e  s t a n d a r d  d e v i a t i o n  
o f  s u r f a c e  e r r o r  f o r  c a v i t y  d i a m e t e r s  o f  8, 9 ,  a n d  10 inches ,   respec-  
t i v e l y .  A c o l l e c t o r   w i t h  a 0 of 6 minutes ,  6 p e r c e n t   o b s c u r a t i o n ,  
9 1  p e r c e n t  r e f l e c t a n c e ,  0 . 2 6 7  d e g r e e s  m i s o r i e n t a t i o n  a n d  a 21100R 
blackbody absorber  has  a maximum e f f i c i e n c y  o f  8 0 . 5  p e r c e n t  a t  an  
8- inch   cav i ty   d iameter .   Based   on   p rev ious   exper ience  it  can   be  
r e a s o n a b l y  e x p e c t e d  t h a t  a n  u l t i m a t e  c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  
of about 82 pe rcen t  unde r  the  same c o n d i t i o n s  c a n  b e  m e t  by reducing  
t h e  s u r f a c e  e r r o r  t o  a r easonab le  goa l  o f  1 -1 /2  minu tes ,  s t anda rd  
dev ia t ion .   Fo r  a 0 . 5 3 3   d e g r e e   m i s o r i e n t a t i o n   o f   t h e  same m i r r o r  t h e  
maximum e f f i c i ency  wou ld  b e  76 .6  percent  a t  a 10 - inch  cav i ty  d i ame te r .  
Aper tures  of  8 ,  9 ,  and 10 inches  were used  th roughou t  t he  ana lys i s ,  
since these  d i ame te r s  cove r  the  p robab le  r ange  o f  cav i ty  ape r tu re s .  
The c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  d r o p s  r a p i d l y  w i t h  i n c r e a s i n g  m i r r o r  
e r r o r .  
r 
System goals  are  f o r  a 75 p e r c e n t  c o l l e c t o r - a b s o r b e r  
e f f i c i e n c y ,  i n c l u s i v e  o f  t h e  3 t o  5 p e r c e n t  c a v i t y  i n s u l a t i o n  l o s s e s ,  
fo r   abou t   0 .25   deg rees   mi so r i en ta t ion .  When i n s u l a t i o n   l o s s e s ,   t o -  
g e t h e r  w i t h  a l i g n m e n t  m i s f o c u s ,  t h e r m a l  l o s s e s  a n d  s t r u c t u r a l  l o s s e s  
(which w i l l  b e  discussed below) are  cons ide red ,  sys t em goa l s  can  on ly  
b e  m e t  by c o l l e c t o r s  h a v i n g  s u r f a c e  e r r o r s  less t h a n  6 minutes  s tand-  
a r d  d e v i a t i o n .  
5 . 6   M i s o r i e n t a t i o n  
Figures  5-12 , 5-13, and 5-14 show t h e  c o l l e c t o r  a b s o r b e r  
e f f i c i e n c y  f o r  v a r i o u s  m i r r o r  e r r o r s  as a f u n c t i o n  o f  m i s o r i e n t a t i o n  
a n g l e  f o r  c a v i t y  a p e r t u r e s  o f  8 ,  9 ,  and 10 i n c h e s ,  r e s p e c t i v e l y .  
T h e s e  f i g u r e s  i n d i c a t e  t h a t  up t o  a t  least  1 / 2  d e g r e e  m i s o r i e n t a t i o n  t h e .  
more a c c u r a t e  m i r r o r s  n o t  o n l y  h a v e  h i g h e r  e f f i c i e n c i e s  b u t  a l s o  l o s e  
less e f f i c i e n c y  w i t h  i n c r e a s i n g  m i s o r i e n t a t i o n  a n g l e .  
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FIG. 5-9 COLLECTOR-ABSORBER  EFFICIENCY VS SURFACE ERROR 
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FIG. 5-10 COLLECTOR-ABSORBER EFFICIENCY VS SURFACE  ERROR 
t c 
l b ' y  CURVE DEGREES I INCHES 
X .267 IO I 0 I .533 I IO 
~~~~~~ ~~ 
0 2 4 6 8 IO 12 14 16 
' STANDARD  DEVIATION OF RADIAL SURFACE ERROR, (minutes) 
FIG. 5-11 COLLECTOR-ABSORBER EFFICIENCY VS SURFACE  ERROR 
1 
80 
75 
ERROR 
A -  6' 0; SURFACE  RROF 
. ~ 
- 
\ 
MISORIENTATION , P ,  ( degrees 1 
5-12 COLLECTOR-ABSORBER  EFFICIENCY VS MISORIENTATION  FOR 
AN  8-INCH  CAVITY  APERTURE 
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5-13 COLLECTOR-ABSORBER  EFFICIENCY  VS  MISORIENTATION  FOR 
A 9-INCH  CAVITY  APERTURE 
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T h e s e  f i g u r e s  a l s o  d e m o n s t r a t e  t h a t  a c c u r a t e  c o l l e c t o r s  h a v e  
a w i d e  m i s o r i e n t a t i o n  t o l e r a n c e  f o r  a g iven  ape r tu re  be fo re  any  e f f i -  
c i e n c y  d r o p  o c c u r s  o r  h a v e  r e l a t i v e l y  l ess  e f f i c i e n c y  l o s s  f o r  any 
g i v e n   m i s o r i e n t a t i o n .   T h e r e f o r e ,   s u r f a c e   e r r o r  i s  a predominant   fac tor  
i n  t h e  r e d u c t i o n  i n  e f f i c i e n c y  d u e  t o  m i s o r i e n t a t i o n .  
The va lues  fo r  any  t ime-ave raged  miso r i en ta t ion  can  be  
a t t a i n e d  by i n t e g r a t i n g  e f f i c i e n c y  as a f u n c t i o n  o f  m i s o r i e n t a t i o n  
a n g l e  f o r  a n y  m i s o r i e n t a t i o n  v s  time d i s t r i b u t i o n  f o r  a c o l l e c t o r  o f  
g i v e n   s u r f a c e   a c c u r a c y .  A s  a rough  approximat ion   the   co l lec tor -absorber  
e f f i c i e n c y  v a l u e  a t  t h e  m e d i a n  m i s o r i e n t a t i o n  a n g l e  w i l l  b e  t h e  maximum 
t i m e - a v e r a g e d  c o l l e c t o r - a b s o r b e r  e f f i c i e n c y .  
5 . 7  Cavity  Absorber  Assumptions 
S ince  the  Bray ton  cyc le  cav i ty  des ign  da ta  was n o t  a v a i l a b l e  
d u r i n g  t h e  s t u d y  p e r i o d ,  t h e  c a v i t y  was assumed t o  b e  a n  i s o t h e r m a l  
b lackbody.   F igure  5-15 shows a t y p i c a l   c o l l e c t o r - a b s o r b e r   e f f i c i e n c y  
c u r v e  v s  c a v i t y  a p e r t u r e  d i a m e t e r  f o r  b o t h  a c o l d  c a l o r i m e t e r  a b s o r b e r  
and a B r a y t o n   c y c l e   a b s o r b e r   c a v i t y .  The  upper   curve  depicts   the  unob-  
s c u r e d ,   c o l d   c a l o r i m e t e r   e f f i c i e n c y .  Below a c a v i t y   a p e r t u r e   d i a m e t e r  
o f  two  inches  the  co ld  ca lo r ime te r  e f f i c i ency  cu rve  has  been  omi t t ed .  
These  curves  a re  based  on a b l ackbody  cav i ty  abso rbe r .  
For   the   remainder  of t h i s  r e p o r t  t h e  c a v i t y  a b s o r b e r  w i l l  be 
assumed t o  b e  a b l a c k b o d y  r a d i a t o r .  
The e f f e c t  of a "gray"  body  cavi ty  on e f f i c i e n c y  i s  shown i n  
F i g .  5-16 w h e r e  c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  i s  p l o t t e d  v s  c a v i t y  
a b s o r b e r   w a l l   e m i s s i v i t y .   T h i s   c u r v e  was p l o t t e d   u s i n g   t h e   f o l l o w i n g  
formula : 
The c a l c u l a t e d  e f f i c i e n c i e s  f o r  " g r a y "  body cavi ty   absorbers ,   assumed 
t h e  f o l  1 owing : 
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r a t i o  
2 
nr 
2 
c o n c e n t r a t i o n  r a t i o  
c o l l e c t o r  d i a m e t e r  3 6 0 ~   i n c h e s  
c a v i t y  e m i s s i v i t y  = a b s o r p t i v i t y  
s o l a r   c o n s t a n t   4 4 2 . 7   B t u / h r - f t  
i n t e r c e p t e d   p e r c e n t   o f   r e f l e c t e d  5 94% (6% o b s c u r a t i o n )  
e n e r g y ,  v a r i e s  w i t h  r 
cav i ty  ape r tu re  d i ame te r  computed  
by t h e  o p t i c a l  p r o g r a m  f o r  a 
60° c o l l e c t o r  
c a v i t y  t e m p e r a t u r e  2110’R (assumed cons tan t )  
fo rm  f ac to r  (see Fig .  A-3 Ref .   5 -2)   var ies   wi th  A /A 
B ,  and   cav i ty   shape  1 2’ 
c o l l e c t o r  r e f l e c t i v i t y  91% 
2 
The a b o v e  c a v i t y  a s s u m p t i o n s  t e n d  t o  o v e r e s t i m a t e  t h e  t o t a l  
e f f i c i e n c y  loss  d u e  t o  c a v i t y  a b s o r p t i v i t y  a n d  e m i s s i v i t y  e f f e c t s  o n  t h e  
ac tua l   Bray ton   cyc le   cav i ty .   F igu re   5 -16  i s  based   on   these   assumpt ions  
a n d  i l l u s t r a t e s  t h a t  b l a c k b o d y  a s s u m p t i o n s  s h o u l d  b e  i n v e s t i g a t e d  f u r -  
t h e r .  The a c t u a l  l o s s e s  w i l l  b e   d e p e n d e n t   o n   r e a l i s t i c   d e s i g n   c o n s i d e r -  
a t i o n s  a n d  a r e  e x p e c t e d  t o  b e  l o w e r  t h a n  i n d i c a t e d  i n  F i g .  5 - 1 6 .  
5.8  Alignment  and  Focus 
The e f f e c t s  of a l ignment  and focus on c o l l e c t o r - a b s o r b e r  
e f f i c i e n c y  are shown i n  F i g s .  5-17  and  5-18. 
5 .8 .1   Axia l   Misfocus  
F i g u r e  5 - 1 7  d e p i c t s  t h e  c h a n g e  i n  c o l l e c t o r - a b s o r b e r  
e f f i c i e n c y  a s  a f u n c t i o n  o f  a x i a l  m i s f o c u s  f o r  c o l l e c t o r s  h a v i n g  r a d i a l  
s u r f a c e  e r r o r s  of 0 ,  6 ,  and   15   minu te s   s t anda rd   dev ia t ion ,   r e spec t ive ly ,  
and   an   8 - inch   cav i ty   ape r tu re .   These   cu rves   i nd ica t e   t ha t   t he   ax i a l  
f o c u s  of t h e   c a v i t y   a p e r t u r e   w i t h i n  0.5 inch  w i l l  produce a l o s s  i n  
c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  of less t h a n  0 .2  p e r c e n t ,  1 . 5  p e r c e n t ,  
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F I G .  5-17 COLLECTOR-ABSORBER EFFICIENCY VS AXIAL  MISFOCUS 
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FIG. 5-18 COLLECTOR-ABSORBER  EFFICIENCY VS CAVITY  RADIAL  MISALIGNMENT 
a n d  3 . 5  p e r c e n t  f o r  c o l l e c t o r s  h a v i n g  s u r f a c e  e r r o r s  of 0 ,  6,  and 
1 5  m i n u t e s  r e s p e c t i v e l y .  
5 .8 .2   Radial   Misal ignment  
F igure  5-18  shows t h e  e f f e c t  of t h e  r a d i a l  m i s a l i g n m e n t  
i n  t h e  f o c a l  p l a n e  o n  t h e  c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  f o r  m i r r o r s  
having 0 ,  6 ,  and  15  minu tes  s t anda rd  dev ia t ion  and  an  8 - inch  cav i ty  
a p e r t u r e .  A r a d i a l  m i s a l i g n m e n t  of *O. 5 inch  w i l l  dec rease  the  
c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  less t h a n  1 / 2  p e r c e n t  f o r  0, 6 ,  and  15 
m i n u t e  s u r f a c e  e r r o r s .  Though  combined e f f i c i e n c y  l o s s e s  of a misa l igned  
a n d  m i s o r i e n t e d  c o l l e c t o r  are n o t  r e a d i l y  c a l c u l a t e d ,  s u c h  a case  w i l l  
probably produce similar e f f i c i e n c y  l o s s e s  o v e r  t h e  f i r s t  0 . 5  i n c h  of 
misa l ignment .   Therefore ,  a misal ignment   olerance  of   *0.5  inch i s  
d e s i r a b l e .  
5.9  Thermal  Errors 
C o l l e c t o r - a b s o r b e r  e f f i c i e n c y  i s  a f f e c t e d  by the  fo l lowing  
t e m p e r a t u r e  e f f e c t s :  
1. Ambient   empera ture   changes   o f   the   co l lec tor   and   co l lec tor  
s t ru t s  
2.  The rma l   g rad ien t   ac ross   and   t h rough   t he   co l l ec to r   she l l  
3 .  D i f f e r e n t i a l   t h e r m a l   e x p a n s i o n   e f f e c t s   b e t w e e n   t h e   r i g i d i z i n g  
t o r u s  a n d  c o l l e c t o r  s h e l l  
To d e t e r m i n e  t h e  t r a n s i t  o r b i t a l  t e m p e r a t u r e s  on t h e  c o l l e c t o r  
a computer  program w a s  w r i t t e n  t o  i n c l u d e  t h e  f o l l o w i n g  t h e r m a l  s o u r c e s :  
1. S o l a r  
2 .   Ear th   emiss ion  
3 .  Ear th   a lbedo  
4 .  C a v i t y   a b s o r b e r   e r a d i a t i o n  
5.   Radiator  
F o r  s i m p l i c i t y  t h e  c o l l e c t o r  was d i v i d e d  i n t o  f i v e  d i f f e r e n t  
areas, one c e n t r a l  area and   four  r i m  areas 90   apa r t .   F igu re   5 -19  shows 0 
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the  various  temperature area loca t ions .  The input  form f a c t o r s  f o r  
var ious thermal  sources  for  a 300 mile e q u a t o r i a l  o r b i t  are shown i n  
Figures  5-20,5-21,  and  5-22. The heat   t ransfer   equat ion  used,   together  
with a summary of the  cons tan ts ,  emiss iv i t ies ,  and a b s o r p t i v i t i e s  i s  
given  in   Table  5-111.  For  the  temperature  calculations of the r i m  
pos i t i ons ,  the form f a c t o r s  were ad jus ted  to  take  in to  account  the  
var ia t ions  in  inc idence  angle  wi th  respec t  to  a l l  the thermal sources. 
Figures  5-23,  5-24,  5-25,  and  5-26 show the t ransient  temperatures  
of var ious surface points  neglect ing thermal  conduct ion effects .  
Figure 5-27 shows the  cent ra l  co l lec tor  tempera tures  for  a 22,000 
nau t i ca l  m i l e  o r b i t .  With thermal conduction between the collector 
po in ts   the   p lo t ted   t empera tures   a re   wi th in  *5 Rankine.  These  analyses 
ind ica t e  tha t  t he  co l l ec to r  she l l  t empera tu res  w i l l  range from  344 t o  
572O Rankine during orbit .  
0 
0 
Table 5-IV dep ic t s  t he  s t eady  s t a t e  maximum temperature which 
might be obtained using various combinations of absorptivity and emis- 
s i v i t y .  A back surface emissivity of 0.9 would r equ i r e  a coating such 
as chemically  deposited  platinum  black. The 0.3 emissivity value can 
e a s i l y  be achieved by electroformed nickel. Coatings having an absorp- 
t i v i t y  and emiss iv i ty  of 0.1 can be achieved by spraying chemically 
depos i ted  s i lver  on the  back  of  the  collector  surface.  A mirror  
emissivi ty  of 0.02 i s  probably more r ea l i s t i c  t han  an  emis s iv i ty  of 
0 .1   for   the  temperatures  a t  which the  col lector   operates .   This   change 
in  emiss iv i ty  counts  for  a maximum change of 89 and a minimum change 0 
of 22O. 
Table 5-V shows the  d i f f e rence  in  to rus  and co l l ec to r  r i m  
temperatures which might be achieved for  var ious cases  of abso rp t iv i ty  
and emiss iv i ty ,  neglec t ing  conduct ion  e f fec ts  between the torus and 
col lector  shel l .  Conduct ion would reduce  the AT by less than  10  percent. 
This  ind ica tes  tha t  wi th  a highly emissive and absorptive coating between 
t h e  c o l l e c t o r  s h e l l  r i m  and to rus  and low absorpt ive and emissive coat- 
ings on the  f ront  of t he  co l l ec to r  she l l  and r e a r  of the  torus ,  a tempera- 
t u re  d i f f e rence  of less than 9OF can be achieved between the collector 
r i m  and the  co l lec tor  to rus .  The d e s i r a b i l i t y  of  such a low temperature 
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TABLE 5-111 
TEMPERATURE EQUATIONS,ASSUMPTIONS AND CONSTANTS 
Equat ion 
Assumptions and Constants 
K1l - 
K12 
- 
- 
c =  
P =  
t =  
o =  
F =  
ma 
€ =  m 
b € =  
T =  
T =  
m 
0 
- 
Hs - 
H =  
A =  
F =  
Ta - 
Fd 
Td - 
€ 
a 
- 
- 
- 
o r b i t  t i m e  = 0.00443  hr/ '  and  0.0783  hr/O  for 300  and  22,000 
3 60° 
n a u t i c a l  miles r e s p e c t i v e l y  
C P t  
0.11 B tu / lb .oF  
4 6 . 1  l b / i n - f t  
2 
0 .0107   i n  
0.1713 X 10-8Btu /h r* f t2 -oR4  
1.0 
Q =(y =cy = Q  = E  
m s  me m r  m a  md = 0.1 
'be - Qbr  
Tb = unknown of t he   equa t ion  
- = 0 . 9  
OoR 
442.7   Btu /hr   . f t  2 
7 4 . 4   B t u / h r   . f t 2  
0.35 
abso rbe r -co l l - ec to r  v i ew fac to r  
2110°R 
r a d i a t o r - c o l l e c t o r  v i e w  f a c t o r  
900°R 
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FIG. 5-23 POINT 1, CENTRAL  COLLECTOR  SURFACE,  TEMPERATURES  FOR  A300-NAUTICAL-MILE  ORBIT 
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TABLE 5-IV 
STEADY STATE MAXI" COLLECTOR SHELL TEMPERATURE 
Iy CY m b 8 E m b T m 
(OR> 
0 . 1  0.9 0 . 1   0 . 9  
0 .1  0.3 0 . 1  0 .3  
0.1 0 .1  0 . 1   0 . 1  
0.1 0.9  0.02 0 . 9  
0 .1  0 .3  0.02 0.3 
0.1 0 . 1  0.02  0 .1  
Equation: 
590 
620 
656 
612 
659 
745 
See Table 5-111 and Fig. 5-21 f o r  unspecif ied constants  
0 .1  
0.1  
0.1 
where 
E 'b m 
0.02 
0.02 
0.02 
0.9 
0.9 
0.9 
1 ~ 4  
'r 
0.9 
0.9 
0.9 
' br 
0.9 
0 .3  
0 . 1  
40 
9 
c 11 47 
d i f f e r e n c e  a n d  t h e r e f o r e  low b a c k  a n d  f r o n t  s u r f a c e  e m i s s i v i t i e s  and 
a b s o r p t i v i t i e s  w i l l  be shown i n  t h e  t h e r m a l  e r r o r  a n a l y s i s  below. 
Es t imated  thermal  maps d e r i v e d  f r o m  t h e  c o l l e c t o r  s u r f a c e  
p o i n t s  are shown i n  F i g u r e  5 - 2 8 ,  f o r  v a r i o u s  o r b i t  p o s i t i o n s .  
5 .9 .1   Ambient   Temperature   Effects  
The to t a l  change  in  the  ambien t  t empera tu res  f rom the  
o r i g i n a l  a l i g n m e n t  t e m p e r a t u r e  i s  less than  260  F  under  any  conditions. 
Based  on a AT of 260  F t h e  n e t  c h a n g e  i n  t h e  f o c a l  p o i n t  d u e  t o  t h e  
change  in  s t ru t  l eng th ,  mi r ro r  expans ion ,  and  foca l  l eng th  change  i s  
less than   0 .16   inch .  A s  i n d i c a t e d   i n   S e c t i o n   6 . 7   t h i s   a x i a l   m i s a l i g n -  
ment  would r e s u l t  i n  a n  e f f i c i e n c y  l o s s  of less than  1 1 2  pe rcen t .  
L o c a l i z e d  t r a n s i e n t  t e m p e r a t u r e  d i f f e r e n c e s  o n  t h e  c o l l e c t o r  s h e l l  w i l l  
p roduce  even  sma l l e r  e f f i c i ency  lo s ses  due  to  the  sma l l e r  i nc remen ta l  
0 
0 
AT * 
5.9 .2   Col lec tor   She l l   Thermal   Gradien t  
Based  on a maximum h e a t  f l u x  of  65 B t u / h r / s q  f t ,  w h i c h  
i s  a p p r o p r i a t e l y  c o n s e r v a t i v e ,  c o n s i d e r i n g  t h e  0 . 0 9  a b s o r p t i v i t y  of t h e  
c o l l e c t o r  f o r  s o l a r  a n d  e a r t h  a l b e d o  r a d i a t i o n  a n d  less f b r  o t h e r  
r a d i a t i o n ,  a t empera tu re  g rad ien t  of less than 0.156 F per inch would 
be   p roduced   t h rough   t he   co l l ec to r   she l l   t h i ckness .  I f  t h e  moment 
r e s u l t i n g  f r o m  t h i s  t e m p e r a t u r e  g r a d i e n t  i s  n o t  r e s i s t e d  by a moment a t  
t h e  r i m ,  a maximum e r r o r  of 0 . 7  minutes  would  be  produced a t  the  r i m .  
Such a the rma l  g rad ien t  wou ld  c rea t e  a moment of 0 .32 l b s l i n  p e r  l i n -  
e a l  i n c h  a t  t h e  c o l l e c t o r  r i m .  The a p p l i c a t i o n  of an   oppos i t e  moment 
a t  the  edge  of   an  equivalent   sphere  (Timoshenko,   Ref .   5-3)   neglect ing 
c a n c e l l a t i o n  e f f e c t s  of the  thermal  moment ,  would reduce the effect ive 
c o l l e c t o r  area by as much as 3 t o  4 p e r c e n t  d u e  t o  g r o s s  d i s t o r t i o n s  
of t h e  r i m  edge. The f a c t  t h a t  a r e s t o r a t i v e  moment c a n c e l s   t h e   t h e r -  
m a l  g r a d i e n t  moment a t  t h e  e d g e  l o w e r s  t h e  d i s t o r t i o n  a r e a  c o n s i d e r -  
ab ly .   Reference   5 -4   descr ibes  a r i g o r o u s   t h e r m a l   a n a l y s i s  of a 
9 . 7 5 - f o o t   d i a m e t e r   a l l - n i c k e l   t o r o i d a l l y   s u p p o r t e d   c o l l e c t o r .  However, 
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t h e  r e s u l t s  o f  t h i s  a n a l y s i s  are n o t  r e a d i l y  a d a p t a b l e  t o  a 20- o r  
30 - foo t  d i ame te r  co l l ec to r  because  they  do  no t  s ca l e  wi th  d i ame te r .  
A compute r  so lu t ion  mus t  be  deve loped .  Add i t iona l  work  in  the  co l l ec to r  
thermal  response  area shou ld  inc lude  a compute r  ana lys i s  u s ing  th i s  
re ferenced  work .  
5 . 9 . 3  Differ-entia1  Thermal  Expansion  Effects 
D i f f e rences  be tween  the  to rus  t empera tu re  and  the  
i n t e g r a t e d  s h e l l  t e m p e r a t u r e  w i l l  r e s u l t  i n  a d i f f e r e n t i a l  t h e r m a l  
expans ion   be tween  the   she l l   and   to rus .  Assuming a n  e n t i r e l y  r i g i d  
connec t ion  be tween these  two e l e m e n t s ,  t h i s  d i f f e r e n c e  w i l l  cause  an  
edge  d i sp lacemen t  wh ich  wou ld  r e su l t  i n  she l l  r i m  d i s t o r t i o n s .  U s i n g  
Timoshenko  (Ref. 5-3) f o r  a n  e q u i v a l e n t  s p h e r i c a l  c a p ,  t h e  maximum area 
t h a t  would  be  affected  by a 9 t e m p e r a t u r e  d i f f e r e n c e  would r e s u l t  i n  
a l o s s  of less than  1 . 7  p e r c e n t  of t h e  c o l l e c t o r  a r e a  d u e  t o  g r o s s  
d i s t o r t i o n .  T h i s  a n a l y s i s  , based on  a r i g i d  t o r u s  a c t i n g  on  a spher -  
i c a l   c a p , i s   c o n s e r v a t i v e .  The edge   e f f ec t s   f rom  the   t he rma l   g rad ien t  
and   to rus-co l lec tor   thermal   expans ion  are n o t   a d d i t i v e .   I n   p r a c t i c e  
a n  area less than  2 p e r c e n t  of t h e  t o t a l  area might  be  a f fec ted  by t h e  
the rma l  g rad ien t  and  d i f f e ren t i a l  t he rma l  expans ion .  
0 
5.10 E f f e c t  of C e n t r i f u g a l  A c c e l e r a t i o n  
C o l l e c t o r - a b s o r b e r  e f f i c i e n c y  c a n  be dec reased  by  the  e f f ec t s  
of c e n t r i f u g a l  a c c e l e r a t i o n  d u r i n g  o r b i t  on t h e :  
1. C o l l e c t o r   a b s o r b e r   s t r u t s  
2.  Torus 
3 .   C o l l e c t o r   s h e l l  
S i n c e  t h e  t o r u s  i s  n o t  c o m p l e t e l y  r i g i d  some e f f i c i e n c y  l o s s  
d u e  t o  t h e  t o r u s  d i s t o r t i o n  may occur depending on the  des ign  of t h e  
c o l l e c t o r - a b s o r b e r   s t r u t s  and t h e   r i g i d i z i n g   t o r u s .   E f f i c i e n c y   l o s s e s  
d u e  t o  t h e  s h e l l  d i s t o r t i o n s  e x c l u s i v e  of t h e  t o r u s  are n e g l i g i b l e .  
A s  a f i r s t  a p p r o x i m a t i o n  t h e  o r b i t  a c c e l e r a t i o n  f i e l d  a c t i n g  
on  the  to rus  can  be  assumed cons tan t  and  equal  to  the  acce lera t ion  a t  
t h e  c e n t e r  o f  t h e  c o l l e c t o r  o r  0 . 1 8  g .  
" . 
131 
T o r u s  d e f l e c t i o n s  were t h e n  c a l c u l a t e d  a s s u m i n g  t h a t  t h e  
t o t a l  c o l l e c t o r  w e i g h t  i s  un i fo rmly  concen t r a t ed  a t  t h e  t o r u s  a n d  t h a t  
t h e   t o r u s   d e f l e c t i o n s   c a n   b e   r e p r e s e n t e d   b y   l i n e a r   e q u a t i o n s .   T h e r e -  
f o r e ,  u s i n g  t h e  s u p e r - p o s i t i o n  o f  Cases 18 and 19,  page 160, Ref. 5-5, 
t h e  d i a m e t r i c a l  d e f l e c t i o n s  o f  t h e  t o r u s  c a n  b e  c a l c u l a t e d  f o r  a t r i p o d  
support   assuming a 120 s e p a r a t i o n  b e t w e e n  t h r e e  s t r u t s ,  w i t h  t h e  i n -  
b o a r d  s t r u t  o n  t h e  c o l l e c t o r - v e h i c l e  a x i s .  See F i g u r e  5-1 f o r  a p l a n  
v iew of  both  the  t r ipod  and  quadrapod s t ru t  des igns .  
0 
Assuming t h a t  t h e  a b s o l u t e  v a l u e  o f  t h e  c h a n g e s  i n  
p e r p e n d i c u l a r  d i a m e t e r s  r e p r e s e n t s  t h e  a v e r a g e  d i a m e t e r  c h a n g e  f r o m  a 
t r u e  c i r c l e ,  t h e n  t h e  a v e r a g e  d e f l e c t i o n  o f  t h e  3 0 - f o o t  t o r u s  f r o m  a 
t r u e   t o r u s  i s  0 . 0 3 5   i n c h .   U s i n g   t h e   a n a l y s i s   o f   a n g u l a r   d i s t o r t i o n s  
of s p h e r i c a l   c a p s   r e p r e s e n t e d   i n   R e f .   5 - 3   a n d   d e s c r i b e d   i n   S e c t i o n  
5 . 9 ,  a t o t a l  maximum l o s s  in  su r face  a rea  wou ld  be  approx ima te ly  
2 . 2  p e r c e n t  d u e  t o  d i s t o r t i o n s  beyond c o l l e c t o r  t o l e r a n c e s  a t  t h e  r i m .  
I f  a t  t h e  same time t h e  c o l l e c t o r  s t r u t s  r o t a t e d  0 . 0 3 5  i n c h e s  d u e  t o  
t o r u s  d e f l e c t i o n ,  t h e  t o t a l  c o l l e c t o r  r o t a t i o n  w o u l d . b e  less than one 
minute  . 
The a n a l y s i s  of t h e  a l t e r n a t e  q u a d r a p o d  d e s i g n  i n d i c a t e s  t h a t  
t h e r e  w o u l d  b e  n o  n e t  c h a n g e  i n  t h e  p e r p e n d i c u l a r  d i a m e t e r s  e q u i d i s t a n t  
b e t w e e n  t h e  s t r u t s  a n d  t h a t  t h e  maximum t o r u s  d e f l e c t i o n  would  occur 
a t  t h e   s t r u t - t o r u s   c o n n e c t i o n .  The maximum d e f l e c t i o n   c a n  be d e t e r -  
mined  assuming  the  following: 
1. A 90  arc o f   t h e   t o r u s  i s  a cont inuous  beam 
2.  Ends  of  the  continuous beam are f i x e d  
0 
W 
3. The d e f l e c t i o n   f o r c e  = "c 
n/ 2 
T h e r e f o r e ,  t h e  d e f l e c t i o n ,  w ,  e q u a l s  
L 
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Based on a t o r u s  moment of i n e r t i a  of 0.78 inch  , 
t h e  maximum d e f l e c t i o n  a t  t h e  t o r u s - s t r u t  p o i n t  w i l l  be 0.012 i nches .  
The ave rage  dev ia t ion  f rom a c i r c u l a r  t o r u s  w i l l  be  one-fourth of  the 
maximum d e f l e c t i o n   o r  0.003 i n c h e s .   B y . u s i n g   t h i s   a v e r a g e   d e f l e c t i o n  
i n  t h e  a n a l y s i s  o f  r i m  d e f l e c t i o n s  g i v e n  by Timoshenko, Ref. 5-3, 
t h i s  a v e r a g e  d e f l e c t i o n  would r e s u l t  i n  a d i s t o r t i o n  of less than  
0 . 1  p e r c e n t  of t h e  t o t a l  c o l l e c t o r  area b e y o n d .  s u r f a c e  e r r o r  t o l e r a n c e s .  
A 0.012 i n c h  t o r u s  d e f l e c t i o n  w o u l d  r e s u l t  i n  a maximum s t r u t  r o t a t i o n  
of 0 .5  minute .  
The re fo re ,  u se  o f  t he  quadrapod  ins t ead  o f  t he  t r i pod  sup-  
po r t ing  mechan i sm wou ld  r educe  the  ave rage  edge .d i s to r t ions  by a f a c -  
t o r  of about  20, The a c t u a l  d i s t o r t i o n s  w i l l  be less than   t he   f i gu res  
a b o v e  s i n c e  t h e  a c t u a l  t o r u s  d e s i g n  h a s  a moment of i n e r t i a  h i g h e r  
than  0 . 7 8  inch  . 4 
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6 .  STRUCTURAL INTEGRITY 
The r e l i a b i l i t y  o f  t h e  B r a y t o n  c y c l e  s o l a r  c o l l e c t o r  d e p e n d s  n o t  
o n l y  o n  t h e  e n v i r o n m e n t a l  r e s i s t a n c e  o f  t h e  r e f l e c t i v e  c o a t i n g  a n d  
s u b s t r a t e  b u t  a l s o  o n  t h e  s t r u c t u r a l  r e s i s t a n c e  o f  t h e  c o l l e c t o r  t o  
e n v i r o n m e n t a l  f o r c e s  w h i c h  t e n d  t o  c a u s e  l o c a l i z e d  o r  g r o s s  s t r u c t u r a l  
f a i l u r e .  
Al though the  proposed  EOS B r a y t o n  c y c l e  c o l l e c t o r  d e s i g n ,  a 
p a r a b o l o i d a l  s h e l l  j o i n e d  t o  a r i g i d i z i n g  r i m  t o r u s ,  i s  r e l a t i v e l y  
s i m p l e ,   t h e   s t r u c t u r e  i s  s t i l l  v e r y   c o m p l e x   a n a l y t i c a l l y .   I n   t h i s  
s t u d y  t h e  f o l l o w i n g  i n i t i a l  a p p r o a c h e s  w e r e  u s e d  t o  o b t a i n  a b e t t e r  
i n s i g h t  i n t o  t h e  s t r u c t u r a l  p r o b l e m s :  
1. A d e t a i l e d  l i t e r a t u r e  s u r v e y  w a s  made on   the   empir ica l   and  
a n a l y t i c a l  t r e a t m e n t s  o f  s imilar  t h i n  s h e l l  s t r u c t u r e s .  
2 .  A u t h o r i t i e s  on t h e   v a r i o u s   e n v i r o n m e n t a l   a s p e c t s   o f   t h i n  
s h e l l   s t r u c t u r e s   w e r e   c o n s u l t e d .   T h e s e   i n c l u d e d :  
a .  C a l i f o r n i a   I n s t i t u t e   o f   T e c h n o l o g y :  
D r .  C .  Babcock on compressive buckl ing 
b .  Je t  P ropu l s ion   Labora to ry   S t ruc tu res  Group  on v i b r a t i o n  
and  shock 
c .  B o l t  , Beranak  and Newman I n c .  o n  a c o u s t i c s  and v i b r a t i o n  
d .  Mr. Karpenko a t  UCLA on t h e   g e n e r a l   s t r u c t u r e   p r o b l e m  
3 .  Previous   envi ronmenta l   and   s t ruc tura l   da ta  on 5 - foo t  diam- 
e t e r  p a r a b o l o i d a l  c o l l e c t o r s  were reviewed.  
T h e s e  i n v e s t i g a t i o n s  i n d i c a t e d  t h e  f o l l o w i n g  s t a t e  o f  t h e  a r t  
f o r  t h i s  c o l l e c t o r  d e s i g n :  
1. P r a c t i c a l l y  no s o l u t i o n s   f o r  a p a r a b o l o i d a l   s h e l l  are a v a i l -  
a b l e  o t h e r  t h a n  s i m p l e  membrane a n a l y s e s .  
2 .  Ana lyses   o f   mos t   pa rabo lo ida l   she l l s   a r e   s imp l i f i ed  by us ing  
a sha l low spher ica l  cap  approximat ion ,  which  i s  no t  com- 
p l e t e l y  v a l i d  f o r  t h e  c o l l e c t o r  i n  q u e s t i o n .  
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3 .  Very  few  experimental   data  are a v a i l a b l e   f o r   s h e l l s   o f   t h e  
s i z e  a n d  r a d i u s  t o  t h i c k n e s s  r a t i o  o f  t h e  p r o p o s e d  s o l a r  
c o l l e c t o r .  
4 .  P r a c t i c a l l y  no   work   has   been   done   on   dynamic   ins tab i l i ty ,  
e v e n  f o r  s p h e r i c a l  c a p  s t r u c t u r e s .  
5 .  Most s h e l l  s o l u t i o n s  e i t h e r  assume a clamped  or   f ree   edge.  
Whi l e  the  to rus  des ign  c lose ly  approx ima tes  a clamped  edge, 
t h e  a s s u m p t i o n  r e q u i r e s  e x p e r i m e n t a l  v e r i f i c a t i o n .  
6 .  Analy t ica l ly   even   the   mos t   s imple   dynamic   responses  o f  such  
a d e s i g n  r e q u i r e  d e t a i l e d  c o m p u t e r  a n a l y s i s ,  a n d  t h e s e  
responses  are  gene ra l ly  ax i symmet r i c  r a the r  t han  a symmet r i c .  
I n  p r a c t i s e  t h e  a s y m m e t r i c  r e s p o n s e s  w i l l  probably be dominant .  
D e s p i t e  t h e  l a c k  o f  e x t e n s i v e  a n a l y t i c a l  a n d  e m p i r i c a l  d a t a  o n  
e q u i v a l e n t  o r  r e l a t e d  s t r u c t u r e s ,  t h e r e  i s  a s u f f i c i e n t  a n a l y t i c  f r a m e -  
work t o  p e r f o r m  a f i r s t  a t t e m p t  a t  a n a l y z i n g  t h e  s t r u c t u r a l  r e s p o n s e  
t o   t h e   e n v i r o n m e n t a l   s p e c i f i c a t i o n s ,   i n   A p p e n d i x  A .  Th i s   p re l imina ry  
a n a l y s i s  w i l l  p rov ide  a b a s i s  o f  d i r e c t i n g  f u r t h e r  e x p e r i m e n t a l  
s t u d i e s  a n d  h e l p  c o r r e l a t e  s i m i l i t u d e  model d a t a .  
6 . 1  S t r u c t u r a l  Materials 
A s  a f i r s t  c h o i c e  t h e  o n e - p i e c e ,  a l l - m e t a l  s t r u c t u r e  w o u l d  
b e   f a b r i c a t e d   f r o m   n i c k e l .   T h e r e f o r e   t h e   e n t i r e   s t r u c t u r e   w o u l d   h a v e  
a ma tched   t he rma l   expans ion   coe f f i c i en t .  However, i f   c o l l e c t o r   w e i g h t  
i s  c r i t i c a l ,  t h e  t o r u s  would  be made o f  t i t an ium.   T i t an ium  has  a 
t h e r m a l   e x p a n s i o n   c o e f f i c i e n t  of  2 x 10 in . / i n . / ' F  less t h a n   t h a t  
o f   n i c k e l .   T h i s   a l t e r n a t e   c o m p o s i t e   s t r u c t u r e  would r e q u i r e  more 
s o p h i s t i c a t e d  t e m p e r a t u r e  c o n t r o l  t h a n  t h e  a l l - n i c k e l  c o l l e c t o r  t o  
m i n i m i z e  c o l l e c t o r  s u r f a c e  d i s t o r t i o n s  c a u s e d  b y  d i f f e r e n t i a l  t h e r m a l  
expans  ion.  
-6  
By u s i n g  a n  e l e c t r o f o r m e d  s h e l l ,  t h e  d e s i g n e r  c a n  a s s u m e  
h i g h  s t r u c t u r a l  e f f i c i e n c i e s  b e c a u s e  o f :  
1. Low r e s i d u a l  s t ress  
2 .  Very u n i f o r m   t h i c k n e s s e s   a n d   m a t e r i a l   p r o p e r t i e s  
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3. High   p rocess   con t ro l  
4 .  Lack  of   sur face   imperfec t ions  
5. C l o s e   c o n t r o l   o f   c r y s t a l   s i z e  
T h i s  h i g h  s t r u c t u r a l  e f f i c i e n c y  h a s  b e e n  d e m o n s t r a t e d  i n  
t h e  u s e  o f  t h i n  s h e l l  e l e c t r o f o r m e d  c y l i n d r i c a l  a n d  s p h e r i c a l  m o d e l s  
f o r  s t a t i c  buck l ing  tes ts  (Refs .   6-1  and  6-2) .  
6.2  Design 
The o n e - p i e c e d  t o r o i d a l l y  s u p p o r t e d  a l l - n i c k e l  o r  t i t a n i u m -  
n i c k e l  c o l l e c t o r  d e s i g n  o f f e r s  maximum e f f i c i e n c y  w i t h  good launch 
and o r b i t a l  r e l i a b i l i t y .  The d e s i g n  i s  s imple ,   i nvo lv ing   on ly   one  
j o i n t .   T h e r e  are  no e n c l o s e d   c a v i t i e s   t o   e n t r a p   g a s s e s .  The d e s i g n  
w i l l  now b e  a n a l y z e d  w i t h  r e s p e c t  t o  t h e  e n v i r o n m e n t a l  s p e c i f i c a t i o n s  
i n  Appendix A.  
6 . 3  Axial A c c e l e r a t i o n   E f f e c t s  
6 . 3 . 1  g b r a n e  Analys i s  
F o r  c o n v e n i e n c e  i n  r e l a t i n g  p r e v i o u s  s t r u c t u r a l  work 
o n  f i v e - f o o t  d i a m e t e r  c o l l e c t o r s  t h e  s t r u c t u r a l  c a l c u l a t i o n s  w e r e  
based  on a 61   deg ree  r i m  a n g l e ,   3 0 - f o o t   d i a m e t e r   c o l l e c t o r .   S t r u c t u r a l  
e l e m e n t s  f o r  t h e  55 degree  r i m  a n g l e  d e s i g n  a r e  a p p r o p r i a t e l y  s c a l e d  
t o  m a i n t a i n   t h e  same r i g i d i t y  as f o r   t h i s   6 1   d e g r e e   c o l l e c t o r .  A 
membrane a n a l y s i s   o f   t h e   c o l l e c t o r   s h e l l   s u b j e c t e d   t o   a x i a l  g load-  
ing  i s  g iven  be low assuming the  fo l lowing  cons tan ts :  
eo = 30° 2 5 '  (See  diagram  next   page)  
Ro = 180 i n c h e s   ( r i m   r a d i u s )  
.pg = 0 . 3 2   l b / i n 3   ( w e i g h t   d e n s i t y  of n i c k e l )  
f = 153 .6   i nches   ( foca l   l eng th )  
R = 334   i nches   ( r ad ius   o f   cu rva tu re )  
2 
RO 
= 2f (1 + 2) 
16f 
T h e  d i a g r a m  f o l l o w i n g  d e p i c t s  t h e  s h e l l  l o a d i n g  c r i t e r i a .  
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where q i s  t h e  u n i t  a r e a  s h e l l  l o a d :  
9 = Pgtn 
and q and q the   meridianal   and  normal   components :  1 n 
q1 = q s i n  0 
qn = - q  cos  e 
and R1 and R t h e   m e r i d i a n a l   a n d   h o o p   r a d i i :  2 
2f 
c o s  e R2 - “
The a c c e l e r a t i o n  i n  g ‘ s  i s  denoted by n.  
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From Novozhilov  (Ref.  6 - 3 )  f o r  a p a r a b o l i c  s h e l l  t h e  
mer id iana l   and   hoop  forces   per  l i n e a l  i n c h  T and T a re :  1 2 
Tl 
-cos2 e 
= -=r 
+ 1 + cos  I 1  e 
The mer id i ana l  and  hoop  s t r e s ses  are  r e s p e c t i v e l y :  
T1 
Dl = - t 
o r  
The re fo re  a t  t h e   a p e x ,  9 = 0 ,  t h e s e  s t r e s s e s  a re :  
o l (0 )  = a2(0) = 49n l b / i n  2 
For a s p h e r i c a l  s h e l l  c o v e r i n g  t h e  same a r e a  and 
hav ing  the  same he igh t  t he  mer id i ana l  and  hoop s t r e s s e s  a r e :  
1 
cs = -pgn Ro 1 -I- cos  e 1 
1 cs = -pgn Ro ( cos  2 - 1 + c o s  e 1 
F igu re  6 -1  shows t h e  summary of  membrane s t resses  
f o r  t h e  p a r a b o l i c  s h e l l  a n d  t h e  s p h e r i c a l  a p p r o x i m a t i o n  f o r  9 from 
0 t o  30°, where 9 i s  t h e  a n g l e  b e t w e e n  t h e  c o l l e c t o r  a x i s  a n d  r a d i u s  
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CI 
P 
0 
cn 
W cn cn 
W -40 
[r 
I- cn 
W 
7 a 
-20 
C 
c 
QI =MERIDIANAL STRESS 
U ~ = H O O P  STRESS 
e,( degrees) 
F I G .  6 -1  MEMBRANE STRESSES DUE  TO "g" LOADING ALONG AXIS OF  REVOLUTION 
o f   c u r v a t u r e .   T h i s   f i g u r e  shows t h a t   t h e   s p h e r i c a l   a p p r o x i m a t i o n   t o  
t h e  p a r a b o l i c  s h e l l  i s  a f a i r l y  good approximation and can be used 
w i t h o u t   s i g n i f i c a n t   e r r o r .  The r e l a t i v e l y  low stresses per  g i n d i c a t e  
t h a t  t h e  t e n s i l e  stresses w i l l  b e  less t h a n  400 l b / s q  i n .  f o r  t h e  
maximum 7g a x i a l  a c c e l e r a t i o n  g i v e n  i n  t h e  e n v i r o n m e n t a l  s p e c i f i c a t i o n s .  
However, s i n c e  t h e  c o l l e c t o r  s h e l l  h a s  a h i g h  r a d i u s  o f  c u r v a t u r e  t o  
t h i c k n e s s  r a t i o  a ca re fu l  i nves t iga t ion  o f  compress ive  buck l ing  stresses 
i s  r e q u i r e d .  
6 .3 .2   Compress ive   Buckl ing   S t ress  
I n  c o n s i d e r i n g  t h e  b u c k l i n g  o f  t h e  c o l l e c t o r  s u b j e c t e d  
t o  a 3g a c c e l e r a t i o n  ( t h e  maximum nega t ive  acce le ra t ion  du r ing  l aunch)  
a l o n g  t h e  a x i s  o f  r e v o l u t i o n ,  i t  w i l l  be  a s sumed  tha t  t he  3g  acce le ra -  
t i o n  i s  e q u i v a l e n t  t o  a n  e x t e r n a l  p r e s s u r e  g i v e n  by t h e  f o l l o w i n g ,  
P = 3gpt  = 0 . 9 6 t   l b / i n  
2 
.7 " 
where b i s  t h e  r a d i u s  of t h e  e q u i v a l e n t  s p h e r i c a l  s h e l l .  
The buck l ing  p res su re  o f  a c o m p l e t e  s p h e r i c a l  s h e l l  
u n d e r  e x t e r n a l  p r e s s u r e  is  g iven  by the  fo l lowing  equa t ion ,  
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I n  p r a c t i c e  s t r u c t u r e s  n e v e r  c a n  w i t h s t a n d  t h e  
t h e o r e t i c a l   b u c k l i n g   p r e s s u r e .   T h e r e f o r e   t h e   f r a c t i o n  
"EL 2 I 'cr i t  i c a l  b u c k l i n g  f a c t o r "  
Pc r 
has  been  used  to  r ep resen t  t he  expe r imen ta l  o r  p red ic t ed  buck l ing  
p res su re   where  p i s  t h e   e x p e r i m e n t a l   b u c k l i n g   p r e s s u r e .   T h e r e  i s  
w i d e  s c a t t e r  i n  t h e  e x p e r i m e n t a l  b u c k l i n g  p r e s s u r e s  o f  s p h e r i c a l  a n d  
h e m i s p h e r i c a l   s h e l l s .   I n   t h e   r a n g e   o f  R / t  from 500 t o  2000, t h e   r a n g e  
of p/pcl i s  €rom 0.10 t o  0.33. A t  an  R / t  o f   approximate ly  85,000 tes t s  
on   t he  Echo I sphe r i ca l   ba l loon   gave   va lues   o f   p /p   r ang ing   f rom 0 . 1 2  
t o  0.18, (Ref .  6 - 4 ) .  
c l  
I f  o n e  c o n s i d e r s  t h e  c o l l e c t o r  t o  b e  a s h a l l o w  s h e l l ,  
more   expe r imen ta l   and   t heo re t i ca l   r e su l t s  a re  a v a i l a b l e .  The  shallow 
s h e l l  a p p r o x i m a t i o n  i s  v i o l a t e d  by t h e  c o l l e c t o r ,  b u t  t h e  i n f o r m a t i o n  
i s  u s e f u l  f o r  p o i n t i n g  o u t  t r e n d s  i n  t h e  e x p e r i m e n t a l  d a t a .  
For a s h a l l o w  s p h e r i c a l  s h e l l ,  
F o r  t h e  c o l l e c t o r ,  
[ k] = 0 . 2 9  
The on ly  case  o f  a s h a l l o w  s p h e r i c a l  c a p  s u b j e c t e d  t o  
e x t e r n a l  p r e s s u r e  t h a t  h a s  r e c e i v e d  much a t t e n t i o n  i s  t h e  c a s e  o f  
c l amped   edges .   Fo r   t h i s   ca se   t he   buck l ing   p re s su re  i s  a compl ica ted  
func t ion  o f  a parameter  h, d e f i n e d  as f o l l o w s ,  
1 / 4  
= r l * ( l - V 2 ) ]  - 
- f i  
which i s  
1 7 . 9  = -  
JT 
M 180 
f o r  t h e  c o l l e c t o r .  
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A l l  o f  t h e  s h a l l o w  s h e l l  d a t a  r e p o r t e d  is f o r  1 l e s s  
t h a n  30. For   va lues   o f  A g r e a t e r  t h a n  20 t h e   e x p e r i m e n t a l   d a t a   g i v e s  
p/pcl  ranging from 0.20 t o  0 . 7 0 ,  w i th  the  h ighe r  va lues  g iven  by  the  
more c a r e f u l l y  m a n u f a c t u r e d  s h e l l s .  
A s  cor robora t ed  by  D r .  B a b c o c k ,  t h e  b e s t  t h e o r e t i c a l  
a n a l y s i s  now a v a i l a b l e  i s  Huang's  (Ref. 6-5) wh ich   g ives   t he   fo l lowing ,  
PiPC 1 = 0.86 f o r  l a r g e  1. 
This a n a l y s i s  a n d  r e l a t e d  e x p e r i m e n t s  are fo r  t he  case  o f  c l amped  edges .  
The e f f e c t  o f  o t h e r  b o u n d a r y  c o n d i t i o n s  i s  unknown, but one would 
e x p e c t   t h i s   e f f e c t   t o   b e  less i n   t h e   h i g h   r a n g e  as compared t o   t h e  
l o w  1 range .  
W i t h  t h e  s c a r c i t y  o f  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  d a t a  
a v a i l a b l e ,  a n y  p r e d i c t i o n  o f  t h e  b u c k l i n g  p r e s s u r e  i s  somewhat i n  q u e s -  
t i o n .  To more a c c u r a t e l y   p r e d i c t   t h i s   p r e s s u r e ,   e x p e r i m e n t a l   d a t a   i n  
t h e  r a n g e  o f  p a r a m e t e r s  c o r r e s p o n d i n g  t o  t h e  c o l l e c t o r  a r e  n e c e s s a r y .  
The l a r g e  s c a t t e r  i n  t h e  b u c k l i n g  p r e s s u r e s  o b t a i n e d  
f r o m  e x p e r i m e n t a l  s t u d i e s  c a n  l a r g e l y  b e  t r a c e d  t o  g e o m e t r i c  i r r e g u -  
l a r i t i e s .  I n  g e n e r a l ,  i t  c a n   b e   s a i d   t h a t   t h e   b e t t e r   t h e   s h e l l   t h e  
h i g h e r  t h e  b u c k l i n g  p r e s s u r e .  From th i s  cons ide ra t  i on ,  one  wou ld  expec t  
t h e  b u c k l i n g  p r e s s u r e  f o r  t h e  e l e c t r o f o r m e d  c o l l e c t o r  t o  b e  q u i t e  h i g h .  
This  i s  b o r n e  o u t  by t h e  f a c t  t h a t  t h e  d a t a  f o r  c o m p l e t e  s p h e r i c a l  
s h e l l s ,  w h i c h  a r e  h a r d  t o  m a n u f a c t u r e ,  show  low b u c k l i n g  p r e s s u r e s .  
However ,   sha l low  sphe r i ca l   she l l s   w i th   r a t io s   o f   r ad ius   t o   t h i ckness  
up t o  4-,000 show h i g h  b u c k l i n g  p r e s s u r e s  c o m p a r e d  t o  t h e  c l a s s i c a l  
p r e s s u r e ,  0 . 6 0  5 p/p < 0 . 8 6 ,  i f   t h e   s h e l l  i s  ca re fu l ly   manufac tu red ,  
(Ref.  6 - 2 ) .  
c l  
Assuming t h e  
which i s  a logical   compromise 
r equ i r ed  th i ckness  wou ld  b e ,  
b u c k l i n g  p r e s s u r e  i s  given by p/pcl = 1 /3 ,  
be tween  the   da ta   o f   Ref .  6-2 and 6 - 4 ,  t h e  
1 p = -  
3 PC1 
I n 
. * .  t = 9 . 5  x LOm3 i n c h e s   f o r  a 61  r i m  a n g l e  0 
= 10 .7  x loe3 i n c h e s  f o r  a 55' r i m  a n g l e  
F i g u r e  6-2 shows t h e  number  of - g ' s  a c o l l e c t o r  s h e l l  
of thiclcness t w i l l  w i t h s t a n d  b e f o r e  b u c k l i n g  f o r  t h e  d e s i g n  p / p  
r a t i o   a n d   t h e   p / p   r a t i o s   s u g g e s t e d   b y   t h e  work i n   R e f .  6-2 and 6-4.  
F i g u r e  6-3 l i s t s  t h e  c r i t i c a l  b u c k l i n g  p r e s s u r e  as a func t ion  o f  t ,  
c o l l e c t o r   t h i c k n e s s , f o r   t h e  same p / p   r a t i o s .   A n o t h e r   c o n s i d e r a t i o n  
i n  t h e  b u c k l i n g  p r o b l e m  i s  t h e  q u e s t i o n  o f  w h a t  c o n s t i t u t e s  f a i l u r e  o f  
t h e  c o l l e c t o r .  
c l  
c l  
c l  
To a s s e s s  t h e  s t r u c t u r a l  i n t e g r i t y  o f  t h e  c o l l e c t o r ,  
i t  i s  n e c e s s a r y   t o   e s t a b l i s h  a c r i t e r i o n   f o r   f a i l u r e .  It i s  c l e a r   t h a t  
e i t h e r  o f  t h e  f o l l o w i n g  c o n d i t i o n s  w o u l d  c o n s t i t u t e  l o c a l  f a i l u r e :  
1. Exceed ing   t he   y i e ld  s t ress  s u c h   t h a t   t h e   s u r f a c e  i s  per -  
m a n e n t l y  d i s t o r t e d  
2 .  B u c k l i n g   t o   t h e   e x t e n t   t h a t   s n a p - b a c k   d o e s   n o t   o c c u r  
I f  a s u f f i c i e n t  p o r t i o n  o f  t h e  m i r r o r  area i s  a f f e c t e d  by these  con-  
d i t i o n s ,   t o   t h e   e x t e n t   t h a t   p e r f o r m a n c e   s u f f e r s   s i g n i f i c a n t l y ,   t h e  
m i r r o r  may be   cons ide red   t o   have   f a i l ed .  The f i r s t  t a s k  o f  t h e  s t r u c -  
t u r a l  a n a l y s i s ,  t h e n ,  i s  t o  a s s u r e  t h a t  t h e  mater ia l  y i e l d  s t r e s s  i s  
never   exceeded   under   any   unforeseeable   condi t ions .   This   can   be  accom- 
p l i s h e d   r a t h e r   r e a d i l y   f o r   s t a t i c   c o n d i t i o n s .   Y i e l d i n g   u n d e r  dynamic 
c o n d i t i o n s  i s  more d i f f i c u l t   t o   d e t e r m i n e .  It depends   on   ampl i f ica t ion  
o f  the  v ibra t ion  under  resonance  condi t ions  and  i s  s t rongly  dependent  
o n  v i b r a t i o n  mode s h a p e s ,  n a t u r a l  f r e q u e n c i e s ,  a n d  damping  of t h e  
s t r u c t u r e ,  and  on t h e  c h a r a c t e r i s t i c s  o f  t h e  v i b r a t i o n  s p e c t r u m .  
Most of t h e  a v a i l a b l e  t h e o r y  a n d  d a t a  on buck l ing  is  
conce rned  wi th  de t e rmin ing  the  s t r e s ses  o r  p re s su res  a t  which buckl ing 
beg ins .  However, t h i s   d o e s   n o t   n e c e s s a r i l y   r e p r e s e n t  a good c r i t e r i o n  
f o r   s t r u c t u r a l   f a i l u r e .  I f  t h e   l o c a l   y i e l d  s t ress  i s  n e v e r   g r e a t l y  
exceeded ,  and  i f  t he  buck led  area s n a p s  b a c k  a f t e r  t h e  b u c k l i n g  s t ress  
i s  removed,   there  i s  no r e a s o n  t o  c o n s i d e r  t h a t  t h e  s t r u c t u r e  h a s  
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f a i l e d .  It i s  t h e   e x p e r i e n c e  o f  EOS t h a t   c o n s i d e r a b l e   l o c a l   b u c k l i n g  
of t h i n  c o n c e n t r a t o r  s t r u c t u r e s  c a n  o c c u r  u n d e r  v i b r a t i o n  a n d  s h o c k  
c o n d i t i o n s  w i t h o u t  r e s u l t i n g  i n  a n y  p e r m a n e n t  damage t o  t h e  s u r f a c e .  
Unfo r tuna te ly ,  l i t t l e  work  has  been  done t o  d e t e r m i n e  t h e  e x t e n t  t o  
wh ich  buck l ing  can  occur  wi thou t  r e su l t i ng  in  pe rmanen t  deg rada t ion  
o f   o p t i c a l   p r o p e r t i e s .  A t  t h e   p r e s e n t  s t a t e  of  development,  i t  i s  
n o t   b e l i e v e d   f e a s i b l e   t o   a t t a c k   t h i s   p r o b l e m   a n a l y t i c a l l y .  Some expe r i -  
m e n t a l  i n v e s t i g a t i o n  will b e  r e q u i r e d  f o r  s p e c i f i c  c o n f i g u r a t i o n s  of 
i n t e r e s t .  
6 . 4  L a - t e r a l  A c c e l e r a t i o n  E f f e c t s  
I n  t h e  membrane a n a l y s i s  o f  t h e  c o l l e c t o r  s h e l l  s u b j e c t e d  
t o   u n i f o r m   t r a n s v e r s e   o r  l a t e r a l  a c c e l e r a t i o n ,  t h e  a n a l y s i s  i s  s i m p l i -  
f i e d  b y  a s s u m i n g  t h a t  t h e  c o l l e c t o r  i s  a s p h e r i c a l  c a p  h a v i n g  t h e  same 
b a s e   d i a m e t e r   a n d   h e i g h t   a s   t h e   p a r a b o l i c   s h e l l .  The s h e l l   d i a g r a m   i n  
F i g .  6 - 1  d e p i c t s   t h e   n o m e n c l a t u r e   u s e d   f o r   t h e   l a t e r a l   a c c e l e r a t i o n  
ana lys i s  be low.  
The s p h e r i c a l   c a p   r a d i u s  R = R2 = R = 334  i nches .  The u n i t  
+ + + -+ 1 
l o a d   v e c t o r  q i s  q = q 1 = pgnt lX and   t he   un i t   l oad  i s  t h e r e f o r e  
q = p g n t .   T h e r e f o r e   t h e   m e r i d i a n a l  hoop  and  normal  oads  are: 
X 
-+ - -+ 
41 - 
42 - e2 q 
e l  - q = q cos  8 C O S  q5 
- + -+ = -q s i n  @I 
+ -  + 
qn n e q = q s i n  8 cos  @I 
Using  the  no ta t ion  o f  Novozh i lov ,  Re f .  6 - 3 ,  
91 - q 1 , 1  
- cos  @I where q 1 , 1  = q cos  8 
qn 
92 - 4 2 , l  
- s i n  0 where q 2 , 1  = - q  
- where q s i n  0 
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The m e r i d i a n a l  
are  r e s p e c t i v e l y  
1 
R s i n  8 
- 
T1 - 2 3  
and hoop a n d  s h e a r  f o r c e s  p e r  l i n e a l  i n c h  
1 
R s i n  8 
0 
- 2  3 J 0  $R s i n 0  dB] COS@ = T2 ,1 COS@ 
and 
1 e x(e) = R s in0  Jo (qn ,  1 s i n e  + q 1 cos0 - qzY1)R2  sine  de 
l - c o s e  x(@> = 2Rq sin8 
The mer id iana l ,   hoop,   and   shear  s t resses  a r e  t h e r e f o r e :  
s i n 8  / 2  
3 [I + 4 COS 8 / 2 1  = 
4 o = T 2 / t  = pgnR cos@ 2 2 cos  e / z  
-0 [I- + 4 8 / 2 1  COS@ 4 
1 
T12 
= S / t  = pgnR s i n @  sine/2 [ l  + 2 cos28/2 ]  = 
2 cos e / z  3 
-0 [I + 2 cos 8 / 2 1  s i n @  2 
1 
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F i g u r e  6-4 shows the membrane stresses as a f u n c t i o n  o f  9 
p l o t t e d   f r o m   t h e   a b o v e   e q u a t i o n s .  Hoop and   mer id iana l  stresses are 
o f  t h e  same order  of  magni tude as i n  a x i a l  l o a d i n g  a n d  h a v e  o p p o s i t e  
s i g n s  a t  t h e  same pos i t i on .   The re fo re   compress ive   buck l ing  w i l l  n o t  
b e  a problem. 
6 .5  C e n t r i f u g a l   A c c e l e r a t i o n   E f f e c t s  
The e f f e c t s  o f  c e n t r i f u g a l  a c c e l e r a t i o n  h a v e  b e e n  c o n s i d e r e d  
on : 
1. C o l l e c t o r   s h e l l  
2 .  T o r u s - a b s o r b e r   s t r u t s  
3 .  T o r u s   d e f l e c t i o n  
6 . 5 . 1  C o l l e c t o r   S h e l l  
A membrane a n a l y s i s  of  t h e  c o l l e c t o r  s h e l l  i n  t h e  
d e p l o y e d  p o s i t i o n ,  s u b j e c t e d  t o  a n  i n e r t i a l  l o a d i n g , f o l l o w s .  
A p l a n  v i e w  o f  t h e  s p i n n i n g  c o l l e c t o r  i s  shown below 
where L i s  t h e  s e p a r a t i o n  b e t w e e n  t h e  v e h i c l e  a n d  c o l l e c t o r  a x i s ,  q 
t h e  u n i t  l o a d i n g  v e c t o r ,  r t h e  r a d i a l  d i s t a n c e  f r o m  t h e  v e h i c l e  a x i s ,  
u) t h e  a n g u l a r  v e l o c i t y ,  p t h e  d e n s i t y  a n d  t t h e  s h e l l  t h i c k n e s s .  
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FIG. 6-4 MEMBRANE STRESSES DUE TO A TRANSVERSE "g" LOADING 
The a b s o l u t e  v a l u e  o f  t h e  l o a d i n g  v e c t o r  i s :  
-t 
q = r w  pgt  [coscv lx + sincy i' 1 2 -4 
Y 
where 
coscy = - , sins = - Y r r 
t h e r e f o r e  
-4 
q = p~ t [ ( L  + x) ix + y iy] 2 
The c o o r d i n a t e s  c a n  b e  e x p r e s s e d  a s :  
x = R s i n e  cos@ 
y = R s i n e  s i n @  
= R case 
Direc t   i on   Cos ines  
X Y Z 
-b 
e 1 
2 
case c o s @  cos0   s in@ - s in8  
+ 
e - s in@  cos@ 0 
e s i n e c o s @   s i n e   s i n
-b 
n case 
S u b s t i t u t i n g  f o r  x, y and z 
-b 
q = q[ ( L  + R s ine  cos@)  ix + R s i n e  s i n g  i ] 
Y 
where 
q = p w t  2 
The re fo re  the  mer id i ana l ,  hoop  and  no rma l  fo rces  a re  r e spec t ive ly  
M 2 -b 
el * q = q[(L + R s i n 6  c o ~ ~ ) c o s e  cos@ + R s i n e  s i n  @  COS^] - 41 - 
q1 = qL cos0  cos@ + qR s i n e   c o s 0  
- -b 
q2 - e2 q = q[(L + R s i n e  cos@) ( - s in@) + R s i n e   s i n @   c o s @ ]  
-4 
= -qL s i n @  
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4 
e - q = q[(L + R s i n e   c o s @ ) s i n @   c o s @  + R s i n  e s i n  $1 4 2 2 - 
qn n 
= qL s in0 cos@ + qR s i n  0 2 
o r  
- 
qn % , I  n qn ,  1 cos@ + q where = qL s i n 0  
There fo re ,  t he  p rob lem i s  d i v i d e d  i n t o  a symmetric  problem  and a s i n 0  
o r   c o s 0   v a r i a t i o n .  The ant isymmetr ic   problem i s  i d e n t i c a l  t o  t h e  
p r o b l e m  s o l v e d  f o r  t h e  c o l l e c t o r  u n d e r  u n i f o r m  l a t e ra l  a c c e l e r a t i o n .  
The s o l u t i o n  c a r r i e s  o v e r  by s u b s t i t u t i n g  pw t L  f o r  q i n  t h a t  p r o b l e m .  
2 
The symmetr ic  solut ion i s  found using Novozhi lov 
(Ref .  6 -3 ) .  
= qR s in0   cos0   where  q = pw t 
2 
91 
2 
qn = qR s i n  0 
Then the  symmet r i ca l  mer id i ana l  and  hoop  fo rces  pe r  l i nea l  i nch  are:  
- qR2 s i n  0 2 T2 = qnR 
Adding  the  symmetr ic   and  s ine or cos 8 terms the   mer id-  
i a n a l ,  hoop and  shear  s t resses  a re :  
2 s in812 + 4 cos  4 9/21 + p w 2 ~ *  s i n  e o2 = PW LR COS@ 2 
2cos 0 / 2  
3 
= -0 [l + 4 cos48/2]  cos@ + 1 6 . 3  s i n  2 0 
1,1 
The  membrane s t resses  are shown as a func t ion  o f  8 i n  
F ig .  6-5. 
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wh er e 
w L = 0.18g 
2 2 
2 
0% LR = 0.18pgR = 19.3  l b / i n  
pw2R2 = 16.3  l b / i n  2 
From Fig.   6-5 i t  can  be  seen  tha t 'membrane  s t resses  
a re  extremely  low,   the maximum s t ress  be ing  less than  1 7  p s i .   T h e s e  
s t r e s s e s  w i l l  t h e r e f o r e  p r e s e n t  no s t r u c t u r a l  o r  e f f i c i e n c y  loss  
problems . 
6 . 5 . 2   S t r u t   D e f l e c t i o n s  
S t r u t  and t o r u s  d e f l e c t i o n s  are  d e s c r i b e d  i n  S e c t i o n  5 . 9 .  
6 . 6  V i b r a t i o n  
The v i b r a t i o n  c h a r a c t e r i s t i c s  o f  t h i s  s t r u c t u r e  w i l l  be  
domina ted  by  the  to rus  moun t ing  s ince  the  co l l ec to r  she l l  and  to rus  
a r e   r i g i d l y   j o i n e d .  To b e t t e r   u n d e r s t a n d   t h e   a n a l y t i c a l   c o m p l e x i t i e s  
o f  t h i s  p r o b l e m ,  t h e  s t r u c t u r a l  f r e q u e n c y  r e s p o n s e  w i l l  b e  b r o k e n  i n t o  
t h r e e   p a r t s  : 
1. S h e l l  
2.   Torus 
3 .  S h e l l   a n d   t o r u s .  
6 . 6 . 1  S h e l l   F r e q u e n c i e s  
A t  l eas t  four  poss ib le  edge  mount ings  w i l l  de te rmine  
t h e   l o w e s t   n a t u r a l   f r e q u e n c y ,   f n ,   o f   t h e   s h e l l .   T h e s e   r e s u l t   f r o m   t h e  
two a l t e r n a t e  m e t h o d s  o f  s u p p o r t i n g  t h e  c o l l e c t o r  i n  b o t h  t h e  l a u n c h  
and o rb i t   phases .   These   va r i a t ions   and   t he   l owes t   fundamen ta l   noda l  
r e s p o n s e  a r e  
1. E i g h t - p o i n t   t o r u s   s u p p o r t   d u r i n g   l a u n c h   ( f o u r   n o d a l   d i a m e t e r s )  
2 .   Con t inuous   t o rus   suppor t   du r ing   l aunch   (one   noda l   c i r c l e )  
3 .  T r i p o d   s u p p o r t   d u r i n g   o r b i t   ( t h r e e   n o d a l   d i a m e t e r s )  
4. Quadrapod  suppor t   dur ing   orb i t   ( two  nodal   d iameters )  
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The f u n d a m e n t a l  r e s p o n s e s  f o r  t h e s e  f r e q u e n c i e s  a r e  l i s t e d  i n  T a b l e  
6-1. The fundamen ta l   f r equenc ie s   fo r  Cases 1, 3 ,  and 4 were c a l c u l a t e d  
f rom the  fo l lowing  equat ion  f rom Reissner  (Ref .  6-6) :  
f n = +/T [4 (1 -u)  (n2-1)n21 112 
2TR 12p( 1-u ) 
where n = number of   nodal   diameters  
u = Poisson's ratio 
p = d e n s i t y  
R = c o l l e c t o r  r a d i u s  
E = m o d u l u s  o f  e l a s t i c i t y  
The f r e q u e n c i e s   d e r i v e d   f o r   C a s e s  1, 3 ,  and 4 a r e  18, 13,  and 8 p e r c e n t  
h ighe r  t han  the  co r re spond ing  f r equenc ie s  de r ived  f rom a f l a t  p l a t e  o f  
s i m i l a r  d i a m e t e r  a n d  t h i c k n e s s .  
Nomographs c o v e r i n g  p a r a b o l i c  s h e l l s  s u p p o r t e d  as i n  
Cases 3 and 4 a r e   g i v e n  by Lin  and Lee (Ref .  6 - 7 ) .  T h e s e   r e s u l t s   a r e  
a l s o   i n c l u d e d   f o r   c o m p a r i s o n   i n   T a b l e  6-1. The pa rabo lo ida l   f r equency  
for  Case  3 may b e  i n  e r r o r  a s  much a s  50 p e r c e n t  s i n c e  t h e  r e f e r e n c e d  
nomograph  was e x t r a p o l a t e d   t o   o b t a i n   t h i s   v a l u e .   S i n c e   t h e   v a l u e s   a r e  
c l o s e  t o  t h o s e  e v a l u a t e d  f o r  t h e  s p h e r i c a l  c a p ,  t h e  s p h e r i c a l  c a p  
approx ima t ion  appea r s  va l id .  
In   each   of   the   above   cases   the   fundamenta l   f requency  
i s  de t e rmined  l a rge ly  by  the  ene rgy  s to red  by inex tens iona l  bend ing .  
The re fo re ,   f r equency  i s  dependent on t h e   s h e l l   t h i c k n e s s   a n d   a l m o s t  
i ndependen t  o f  she l l  cu rva tu re .  
The fundamenta l   f requency   der ived   for   Case  2 i s  h i g h  
b e c a u s e  t h e  m a j o r i t y  o f  t h e  v i b r a t i o n  e n e r g y  i s  s t o r e d  i n  s t r e t c h i n g  
t h e  s h e l l .  A s  c a n   b e   s e e n   i n   T a b l e  6-1 t h e   l o w e s t   n a t u r a l   f r e q u e n c y  
f o r  Case 2 i s  highly  dependent   on  the  approximation  used.   Naghdi  
(Ref .  6-8) shows t h a t   t h e   l o w e s t   n a t u r a l   f r e q u e n c y   f o r  a t h i n  s h e l l  
hemisphere i s  
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TABLE G-I 
SHELL NATURAL FREQUENCIES  FOR VARIOUS TORUS SUPPORT  CASES 
Case  Torus  Support Node Frequency i n  cps -
1 8 4 nodal  diameters  0 . 0 7 4  
2 Continuous Brea th ing  - 1 1 4 6 .  
noda 1 c i r c  l e  
3 
4 
7 9 .  
1 2 8 .  
3 3 nodal   diameters 0.042 
4 . 0 7 5  
4 2 nodal   diameters  0.017 
0.015 
Reference 
6 -6 
6 - 8 ,  R 
6 - 8 ,  Rc 
6 -9 
6 -6 
6-7 , Parabola 
6 -6 
6-7 , Parabola 
NOTES 
Cons tan ts  used  in  f requency  ca lcu la t ions  
E = 30 x 10 p s i  
h = 47 i n  
6 
n = 2 ,  3 o r  4 
R = 180 i n  
R = 334 i n  
C 
t = 0.0107 i n  
u = 113 
p = 0 . 3 2 / 3 8 6  = 0 ,00083 l b  ' sec ] in  2 4  
I 
T h e r e f o r e ,  f o r  a hemisphere  having  the  same r i m  r a d i u s  as t h e  c o l l e c t o r  
t he  na tu ra l  f r equency  wou ld  be  146 cyc le s  pe r  s econd ;  w i th  the  same 
r a d i u s  o f  c u r v a t u r e  as t h e  a v e r a g e  s p h e r i c a l  r a d i u s  o f  c u r v a t u r e ,  t h e  
na tura l  f requency  would  be  79 c y c l e s  p e r  s e c o n d .  
The  fol lowing  equat ion  f rom  Reissner   (Ref .   6-9)  
a p p r o x i m a t e s  t h e  n a t u r a l  f r e q u e n c y  f o r  c l a m p e d  t h i n  s p h e r i c a l  s h e l l s :  
where h i s  t h e  c o l l e c t o r  s a g i t t a .  
However , a t  h i g h  h / t  r a t i o s  t h i s  e q u a t i o n  may b e  i n  
e r r o r  as much as +18 p e r c e n t  as demonstrated by Hoppmann (Ref.  6-10) . 
The ca l cu la t ed  f r equency  o f  128  cyc le s  pe r  s econd  i s ,  as one  would 
expec t ,  be tween  the  two f r e q u e n c i e s  c a l c u l a t e d  f o r  v a r i o u s  h e m i s p h e r i c a l  
r ad i i   above .   Based   on   t he   ques t ionab le   a s sumpt ion   o f  a comple te ly  
clamped  edge,  and on t h e  s c a t t e r  o f  a n s w e r s  f r o m  t h e  a n a l y t i c a l  s o l u -  
t i o n s  f o r  a c l a m p e d   e d g e ,   t h e   n a t u r a l   f r e q u e n c i e s   c a l c u l a t e d   f o r   t h i s  
c a s e  may b e  i n  e r r o s  b y  a f a c t o r  o f  2 .  
6.6 .2   Torus  
The n a t u r a l   f r e q u e n c i e s   o f   t h e   t o r u s ,  f ,Table   6-11 were 
n , r  
d e r i v e d  a s s u m i n g  t h a t  t h e  t o r u s  i s  a c o m p l e t e  c i r c u l a r  r i n g  whose r a d i u s  
i s  l a r g e  w i t h  r e s p e c t  t o  r i n g  t h i c k n e s s  i n  t h e  r a d i a l  d i r e c t i o n  ( R e f .  
6-11). For   the   four   types   o f   mount ing   descr ibed   in  Cases 1 through 4 
i n  S e c t i o n  6 . 6 . 1 ,  t h e  e x t e n s i o n a l  a n d  f l e x u r a l  v i b r a t i o n s  , b o t h  i n  t h e  
p l ane  and  no rma l  to  the  p l ane  of t h e  t o r u s  r i n g ,  h a v e  b e e n  c a l c u l a t e d .  
The f l e x u r a l   v i b r a t i o n s  are  a p p l i c a b l e   o n l y   t o  Cases 1, 3 ,  and 4.  The 
e q u a t i o n s  u s e d  t o  d e r i v e  f r e q u e n c i e s  a r e  b a s e d  on Harris and  Crede 
(Ref .   6 -11 ) .   Ex tens iona l   f r equenc ie s   a r e   de r ived   f rom  the   equa t ion :  
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Case 
1 
2 
3 
4 
TABLE 6 - 1 1  
TORUS NATURAL FREQUENCIES f , FOR  VARIOUS  SUPPORTS *, r 
Continuous 
3 
4 
Torus  Support  - Mode 
8 4 h  1 
4.k = 
E x t e n s i o n a l  
3 h  1 
3 h  = 
2h 1 
2h = 
Frequency  in  cps  
23.4 
23.6 
294 
12.2 
12.4 
4 . 2  
4.4 
NOTES 
Assumed a to rus   we igh t  o f  150 l b ;  .. . m = 3.43 x l b  . sec / i n  
h w a v e l e n g t h s ,   f l e x u r a l   v i b r a t i o n  
2 2  
1: 
I p e r p e n d i c u l a r   t o  t o r u s   p l a n e  
= i n   t o r u s   p l a n e  
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where m is  the t o r u s  mass p e r   l i n e a l   i n c h ,  R t h e   c o l l e c t o r   r a d i u s  
and r t h e  t o r u s  c r o s s  s e c t i o n a l  r a d i u s .  
r 
F l e x u r a l   f r e q u e n c i e s   i n   t h e   p l a n e   o f   t h e   t o r u s   r i n g  
are der ived  f rom:  
The f l e x u r a l   f r e q u e n c i e s   n o r m a l   t o   t h e   p l a n e   o f   t h e   r i n g  are  de r ived  
from: 
I 
n2  (n2- 1) 2 
n 4m R4 ( n  +l+u) 2 r 
6 .6 .3   Torus -She l l  
A t  p r e s e n t  t h e r e  i s  on ly  l imi t ed  pub l i shed  in fo rma-  
t i o n  o n  t h e  e m p i r i c a l  d e t e r m i n a t i o n  o f  n a t u r a l  f r e q u e n c i e s  o f  t o r o i d a l l y  
r i g i d i z e d   s o l a r   c o l l e c t o r s   ( R e f s .   6 - 1 2  and  6-13).   This  work was done 
on   5- foot   d iameter   mir rors .   Al though JPL i s  per forming   exper imenta l  
work i n  t h i s  area and  a l though  they  a re  deve lop ing  a computer  program 
which  can  de te rmine  na tu ra l  f r equenc ie s  o f  any  pa rabo lo ida l  she l l - to rus  
combina t ion ,  no  s imple  ana ly t i ca l  means a r e  y e t  a v a i l a b l e  f o r  t h e  c a l -  
c u l a t i o n   o f   t h e   t o r u s - c o l l e c t o r   s h e l l   n a t u r a l   f r e q u e n c y .   T h e r e f o r e  , 
t h e  d e t e r m i n a t i o n  o f  t h i s  f r e q u e n c y  will be  based  on s i m p l i f y i n g  
a s s u m p t i o n s .   F i r s t ,   a s s u m e   t h a t   t h e   t o r u s  w i l l  s t o r e  a l l  t h e   v i b r a -  
t i o n a l   e n e r g y .  Next, a p o r t i o n  o f  t h e  mass o f  t h e  c o l l e c t o r  s h e l l  and 
a p a r t  o f  t h e  s h e l l  s t i f f n e s s  w i l l  be   added   t o   t he   t o rus .   Expe r imen ta l  
work a t  JPL i n d i c a t e s  t h a t  a p p r o x i m a t e l y  52  p e r c e n t  o f  t h e  s h e l l  mass 
shou ld   be  lumped t o   t h e   t o r u s .   I f   o n e   a s s u m e s   t h a t   t h e   s h e l l   s t i f f n e s s  
is  between 0 and 1 t i m e s  t h e  t o r u s  s t i f f n e s s ,  t h e  r e s u l t a n t  c o m b i n e d  
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resonant   f requency  w i l l  be  from 1 t o p t i m e s  t h e  t o r u s  f r e q u e n c i e s  
w i t h  lumped masses .  A summary o f   t he   combined   she l l - to rus   f r equenc ie s  
f o r  t h e  f o u r  c a s e s  d e s c r i b e d  a b o v e  i s  g i v e n  i n  T a b l e  6-111 as c a l c u l a t e d  
f rom the  fo l lowing  equa t ion  
where f i s  t h e   s h e l l - t o r u s   o r   c o l l e c t o r   n a t u r a l   f r e q u e n c y ,  m t h e  
t o r u s  mass, m t h e   s h e l l  mass, D t h e   t o r u s   r i g i d i t y  and D t h e   s h e l l  
rigidity. 
11 , c r 
S r S 
6 . 6 . 4  V i b r a t i o n   E f f e c t s  
The s t r u c t u r a l  r e s p o n s e  t o  v i b r a t i o n  e f f e c t s  i s  
dependent  on  the  s t ruc tura l  dampening ,  which  de termines  the  resonance  
a m p l i f i c a t i o n  f a c t o r ,  
'cr 1 
Ar - 
""
2c 1 
- 
where C is  t h e  dampening c o e f f i c i e n t ,  t h e  c r i t i c a l  dampening 
c o e f f i c i e n t  and 7 t h e   d i s s i p a t i o n   f a c t o r .   S t r u c t u r a l  dampening i s  a 
func t ion   o f   bo th   t he   a i r   dampen ing ,  C a ,  and  material   dampening, c . 
'cry 
If t h e  c o l l e c t o r  i s  a p p r o x m a t e d  by a s q u a r e  p l a t e  
m 
w i t h  t h e  same t h i c k n e s s  as  t h a t  of t h e  c o l l e c t o r  and with a l e n g t h  
a n d  w i d t h  e q u a l  t o  t h e  c o l l e c t o r  d i a m e t e r ,  t h e  a i r  dampening  can  be 
determined by e i t h e r  of  two e q u a t i o n s .  When - (where w i s  
the   f requency  in r a d i a n s l s e c o n d ,  a the   l ength   and   wid th ,   and  c the  
v e l o c i t y  o f  s o u n d )  o r  f < 12 c p s ,  t h e  dampening  on  both  s ides  of  the  
wa 
2c  
p l a t e  i s  as fo l lows   (Ref .  6 - 1 4 )  . 
C 
- 'a = 0 . 6 3 6  
C C r  C 'm 
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I 
TABLE 6-111 
SHELL  TORUS NATURAL FmQUENCIES FOR  VARIOUS  UPPORTS 
- Case  Torus  Support  Mode -
4h 1 
1 8 
4h = 
2 Cont inuous   Extens iona l  
3 3 3x J. 
3h = 
4 4 2h J. 
2h = 
Frequency i n  c p s  
Ds = 0 - Ds - Dr 
15.5 21.9 
15.6 22.1 
194 274 
8.1 11.4 
8.2 11.6 
2.8 4 .O 
2.9 4.1 
NOTES 
h wavelength 
I p e r p e n d i c u l a r   t o   t o r u s  p l a n e  
- i n   t o r u s   p l a n e  
D r i g i d i t y  
m mass 
( )r  = f u n c t i o n   t o r u s  
( ) s  = f u n c t i o n   s h e l l  
m = 4.44 x lb - sec ]in2; m = 3.43 x Ib s e c   / i n  2 2 2  
S r 
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where c and p are  r e spec t ive ly   t he   speed   o f   sound   and   dens i ty   o f  
t h e  p l a t e  mater ia l .  For a i r  dampening   on   bo th   s ides   o f   the   n icke l  
s h e l l   t h e  a i r  a m p l i f i c a t i o n   f a c t o r  A = 400. However,  due t o   t h e  
h i g h  d i a m e t e r  t o  t h i c k n e s s  r a t i o  t h e  a m p l i f i c a t i o n  f a c t o r  s h o u l d  b e  
f u r t h e r  r e d u c e d  b e c a u s e  o f  d a m p e n i n g  d u e  t o  i n p h a s e  a i r  a c c e l e r a t i o n .  
Th i s  r educ t ion  i s  n o t  e a s i l y  d e t e r m i n e d .  
m m 
r , a  
When 2~ > 3 o r  f > 36 c p s ,  t h e  dampening i s  determined wa 
a s  fo l lows  : 
- c D2 
'cr "m m t 
C 2 
= 0.175 - - (Ref .  6-  14)  
where t i s  t h e   s h e l l   t h i c k n e s s  and D t h e   c o l l e c t o r   d i a m e t e r .  A 
f o r   t h i s   c a s e  = 0.00025. The   w ide   ampl i f i ca t ion   va r i a t ions   above  
36 cps  and  be low 12  cps  a re  due  in  pa r t  t o  t he  exc lus ion  o f  i nphase  
a i r  a c c e l e r a t i o n  dampening.  Tests  should  be made t o   v e r i f y   t h e s e  
fo rmulae   fo r   l a rge  R / t  r a t i o s .  
r ,a 
Mechanical  dampening  depends  on  such  factors a s :  
1. Material 
a .  Composi t ion,   s t ructure   and  homogenei ty  
b .   S t r e s s  and   t empera tu re   h i s to ry  
2 .   I n t e r n a l   s t r e s s  
a .  I n i t i a l  s t r e s s  
b .   Changes   caused   by   s t r e s s   i n   t empera tu re   h i s to ry  
3 .  S t r e s s   c o n d i t i o n s   i n   u s e  
a .  Type, i . e . ,  t ens ion ,   compress ion  
b .   S t a t e  of s t r e s s ,  i . e . ,  t r i a x i a l  and b i a x i a l  
c .   S t r e s s   m a g n i t u d e  
d .   S t r e s s   v a r i a t i o n s  
e .  E n v i r o n m e n t a l   c h a r a c t e r i s t i c s  
For  mos t  ma te r i a l s  t he  ampl i f i ca t ion  f ac to r  r anges  be tween  6 and 1000. 
S i n c e  n i c k e l  i s  a m a g n e t i c  m a t e r i a l  w i t h  h i g h  i n t e r n a l  f r i c t i o n ,  a 
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m a t e r i a l  dampening a m p l i f i c a t i o n   f a c t o r ,  A of 100  appears  conserva- 
t i v e .  A t o t a l  a m p l i f i c a t i o n  f a c t o r  t h e n  i s  c a l c u l a t e d   a s   f o l l o w s :  
,m 
T h e r e f o r e ,  f o r  f r e q u e n c i e s  less t h a n  12 cps   the   combined   ampl i f ica t ion  
f a c t o r  i s  much less  t h a n  8 0 ;  f o r  f r e q u e n c i e s  g r e a t e r  t h a n  36 c p s  t h e  
a p l i f i c a t i o n  i s  much less than  one.  The a m p l i f i c a t i o n   f a c t o r   f o r  
vacuum i s  100. 
The r e s o n a n t  s t r e s s ,  5 i s  g iven  by 5 - 5 x A x n r '  r l g  r 
Table  6-IV l i s t s  t h e  r e s o n a n t  stresses and r a t i o  of 
y i e l d  s t ress  t o  r e s o n a n t  s t ress  fo r  t he  fou r  cases  o f  t o rus  moun t ing  
i n   l a u n c h  and o r b i t .  I n  Case 1, the   8 -po in t   t o rus   suspens ion   du r ing  
l aunch ,   ex t r eme ly   h igh   r e sonan t   s t r e s ses   a r e   ca l cu la t ed .   Reduc t ion  
of  these s t resses  can be achieved by the fol lowing means:  
where , G i s  the   one  "g" s t ress  and n t h e  number  of g. 
I g  
1. T a p e r i n g   t h e   t o r u s   t o   e q u a l i z e   t o r u s   s t r e s s e s  
2 .  I n c r e a s i n g   t h e   t o r u s  moment of i n e r t i a  
3 .  Designing   for   f r ic t ion   dampening   be tween  the   to rus   and  
r a d i a t o r  
4 .  Frict ion  dampening  between  the  radiator   mounts   and  torus  
b r a c k e t s  
5 .  Empi r i ca l ly   de t e rmin ing   t he   ac tua l   dampen ing   o f   t he   t o rus -  
she l l   combina t   i on .  
To  achieve  a s a f e t y  f a c t o r  of g r e a t e r  t h a n  1 . 0 ,  a 
40 - fo ld  inc rease  in  dampen ing  wou ld  be  r equ i r ed .  
Case 2 ,  t h e   c o n t i n u o u s l y   s u p p o r t e d   t o r u s ,   e x h i b i t s  
extremely low a i r  damped r e s o n a n t  s t ress .  More comple te   ana lyses   a re  
r equ i r ed  to  de t e rmine  whe the r  r e sonan t  s t resses  may b e  a problem under 
p a r t i a l  vacuum c o n d i t i o n s   t o w a r d   t h e   f i n a l   b o o s t   p h a s e s .  The t o r u s  
r e s o n a n t   s t r e s s e s   f o r   t h e   t r i p o d   o r b i t   s u p p o r t  are  h i g h .  However,  such 
stresses c a n  b e  a p p r e c i a b l y  r e d u c e d  b y  t h e  u s e  o f  e i t h e r  magnesiDm o r  
magnesium-sil icon strusts which have an extremely high dampening and 
d i s s i p a t i o n  f a c t o r ,  o r  by  any of the methods descr ibed above for  Case 1. 
The na tu ra l  f r equency  fo r  t he  quadrapod  suppor t ,  
Case 4 ,  i s  lower  than  the  env i ronmen ta l  spec i f i ca t ion  and  no stress 
p rob lems  shou ld  the re fo re  be  encoun te red  f rom o rb i t a l  v ib ra t ion .  
1 6 3  
TABLE 6-IV 
VIBRATION EFFECTS SUMMARY 
Natura l   Ampl i f ica t ion   Resonance   Yie ld   S t ress  0 
Torus  Frequency Max. I n p u t   F a c t o r %X. S t r e s s   ( p s i ) ,  u 
Case  Support i n   c p s   A c c e l e r a t i o n  A a t  1 g 
Resonance Stress  or 
Ar ,  a + m r , m  ( p s i )  *r, a + m r ,m A i r  & Material Material Onlv A 
1 8 p o i n t s   1 5 . 6 -6 <‘80 100 s h e l l  70 <<33,600 42,000 >>12.5 10 
<x80 100 t o r u s  5 ,200  <<2,500,000 3,200,000 >> 0.028 0.022 
2 . Continuous 194 19 < 1  100 shell 70 ~ 7 0  133,000 >1,000 10 
< I  100 t o r u s  13 .O <13 24 ,000 >5,400 54 
3 3 p o i n t s  a .2 0.25  100 s h e l l  .6 0 1,500 46.6 
100 torus   37,000 
w 
2 . 9  Q\ 4 4 p o i n t s  - cp 
925,000 0 :119 
S i n c e  t h e  v i b r a t i o n  r e s p o n s e  i s  highly dependent  on 
dampening c o e f f i c i e n t s ,  n a t u r a l  f r e q u e n c i e s , a n d  m o u n t i n g  d e t a i l s ,  
a d d i t i o n a l  e m p i r i c a l  s t u d i e s  of t h e  d e t a i l e d  d e s i g n  are  necessa ry .  
By u s i n g  v i b r a t i o n  i s o l a t o r s  f o r  t h e  t o r u s  s u p p o r t  
d u r i n g  l a u n c h  t h e  a m p l i f i c a t i o n  a t  t h e  n a t u r a l  r e s o n a n t  f r e q u e n c y  c a n  
be reduced by a t  l eas t  a f a c t o r  of two .  
The v i b r a t i o n  a n a l y s i s  i n d i c a t e s  t h a t  a con t inuous ly  
suppor t ed  to rus  is  t h e  p r e f e r r e d  d e s i g n  d u r i n g  l a u n c h ,  a n d  t h a t  a 
quadrapod  supported  torus  is  p r e f e r r e d  d u r i n g  o r b i t .  
The e f f e c t s  o f  dynamic loading  on  compress ive  buckl ing  
h a v e  n o t  a n d  c a n n o t  b e  r e a d i l y  d e t e r m i n e d  f r o m  a v a i l a b l e  a n a l y t i c a l  o r  
e m p i r i c a l   s t u d i e s .   S u g g e s t e d  t e s t s  f o r   v i b r a t i o n  and  other  dynamic 
load ings  on  s imi l i t ude  mode l s  o f  t he  p roposed  co l l ec to r  des ign  are 
d i s c u s s e d  i n  S e c t i o n  1 0 .  
6 . 7  Shock 
The  most c r i t i c a l  shoclc s p e c i f i c a t i o n  i s  t h e  35g  shock  load- 
ing  by e i t h e r  a 10 m i l l i s e c o n d  t r i a n g u l a r  p ~ l s e ,  a n  8 m i l l i s e c o n d  h a l f  
s i n e  wave p u l s e ,  o r  a r e c t a n g u l a r   p u l s e   o f  5 mi l l i s econds .   Tab le  6-V 
summar izes   the   resu l t s   o f   th i s   l aunch   shock  on t h e  c r i t i c a l  components 
f o r  Cases 1 and 2 .  I f   t h e   n a t u r a l   p e r i o d   o f   t h e   e l e m e n t   i n   q u e s t i o n  
i s  g r e a t e r  t h a n  t h e  s h o c k  p e r i o d ,  t h e  d i s p l a c e m e n t  of the  e lement  
governs  the u l t i m a t e  s t r e s s .  If t h e   p e r i o d  of  the  e lement  i s  l e s s  
t h a n   t h e   s h o c k   p e r i o d   t h e   a c c e l e r a t i o n   g o v e r n s .   T h i s   i n d i c a t e s   t h a t  
f o r  a n  8 - p o i n t  s u s p e n s i o n ,  a t o r u s  d e f l e c t i o n  a t  t h e  t o r u s - r a d i a t o r  
mount  should  be less t h a n  0 . 5 4  i n c h e s ,  i f  t h e  maximum t o r u s  s t r e s s  i s  
t o  b e  b e l o w  t h e  d e s i g n  y i e l d  s t r e s s  o f  70,000 p s i .  
For  the  cont inuous ly  mounted  torus  the  maximum s h e l l  s t ress  
would  be < 2,100 pounds .   In   t h i s   ca se   t he   h igh   she l l   dampen ing  w i l l  
p revent  any  resonance  ampl i f ica t ion  and  l i m i t  t h e  maximum g ' s  t o  35 o r  
less .  
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TABLE 6 - V  
SHOCK SUMMARY 
N a t u r a l  
Case Torus P e r i o d  Maximum A c c e l e r a t i o n  Maximum Stresses 
Support  Seconds Determined by ." . ~ .  " P s i  " 
1 8-po in t s  0 .061~  Torus  displacement  Torus 5 70,000 
2 Continuous 0.003 A c c e l e r a t i o n  - 35g ' s  S h e l l  2,100 
must be < 0.54 i nches  
6.8  Acous t i ca l   No i se  
The e f f e c t  o f  t h e  148 db a c o u s t i c a l  n o i s e  f i e l d  must  be 
s tud ied  both  f rom the  s tandpoin t  of  s ta t ic  buckl ing  and  dynamic  s t r e s s .  
The  sound pressure  leve l  of  148 db R e  0.0002 microbar  i s  
e q u i v a l e n t  t o  a n  r m s  p u l s a t i n g  p r e s s u r e  of 0 . 0 7  l b / i n .  From Olson ,  
Ref.  6 - 1 5 ,  t h e  n e t  r a d i a t i o n  p r e s s u r e  ( a s s u m i n g  t h e  s h e l l  i s  a n  i n f i n i t e  
w a l l )  f r o m  a c o u s t i c a l  n o i s e  s t r i k i n g  t h e  s h e l l  f r o m  o n e  s i d e  i s  g iven  
by t h e  f o l l o w i n g  r e l a t i o n s h i p :  
2 
where = t h e   n e t   r a d i a t i o n   p r e s s u r e  
'n 
y = t h e   r a t i o   o f   t h e   s p e c i f i c  hea t  o f  a i r  a t  c o n s t a n t  p r e s -  
s u r e  t o  t h e  s p e c i f i c  h e a t  a t  constant  volume = 1 .4  
p = t h e   p u l s a t i n g   a c o u s t i c a l   n o i s e   p r e s s u r e  
p = t h e   a i r   d e n s i t y  
c = t h e   v e l o c i t y   o f   s o u n d   i n  a i r  
The re fo re  a t  a 148 db a c o u s t i c a l  n o i s e  l e v e l  t h e  n e t  r a d i a t i o n  p r e s -  
s u r e  i s  6 x 10 p s i   w h i c h  i s  an   o rde r   o f   magn i tude   l e s s   t han   t he  
c r i t i c a l  b u c l c l i n g  p r e s s u r e  f o r  t h e  e l e c t r o f o r m e d  s h e l l  d e s i g n .  S i n c e  
t h e  a c o u s t i c a l  n o i s e  l e v e l  w i l l  be  approximate ly  cons tan t  on  both  
s i d e s  o f  t h e  c o l l e c t o r  s h e l l ,  t h e r e  will e f f e c t i v e l y  b e  no n e t  r a d i a -  
t i o n   p r e s s u r e .   T h e r e f o r e ,   f r o m  a s t a t i c   s t a n d p o i n t  no buck l ing   shou ld  
occur .  
-4  
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For a f l a t  p l a t e  t h e  mean squa re  s t ress  v a l u e  i s  g iven  by  
the  fo l lowing  equa t ion  f rom Ref .  6 - 1 4 :  
mean squa re  s t ress  v a l u e  
p r o p o r t i o n a l i t y  c o n s t a n t  
ve loc i ty  o f  sound  in  material  
minimum p l a t e  o r  s h e l l  w i d t h  
modulus  of e l a s t i c i t y  
p l a t e ,   s h e l l   t h i c k n e s s  
C - 
‘cr 
p re s su re   func t ion   o f   na tu ra l   f r equency ,  LC and 
a c o u s t i c a l  n o i s e  l e v e l  n’ 
Some expe r imen ta l  da t a  i s  a v a i l a b l e  on t h e  stresses a r i s i n g  
from a 148 db acous t ic  no ise  pressure  leve l  on  a luminum f l a t  and  curved 
p l a t e s   ( R e f .  6-16)  . The stress i n  a similar n i c k e l   p l a t e   c a n   b e  
i n f e r r e d  b y  d i v i d i n g  t h e  s t ress  e q u a t i o n  f o r  n i c k e l  b y  that  of aluminum, 
t h e r e b y   c a n c e l l i n g  K and @ (w,) so t h a t  14 P 
F o r  t h e  n i c k e l  s h e l l  E i s  determined  f rom  the  a i r   dampening 
e q u a t i o n s   i n   S e c t i o n  6 . 6 . 4 .  In   t he   ca se   o f   t he   c l amped   she l l ,   where  
t h e   n a t u r a l   f r e q u e n c y  i s  above 36 c p s , <  i s  2 x 10 . For  an  aluminum 
p l a t e  o f  t h e s e  d i m e n s i o n s  t h e  r a t i o  o f  s t r u c t u r a l  a n d  a i r  dampening 
t o  c r i t i c a l  dampening 5 i s  less t h a n  0.01.  A summary o f   cons t an t s  
u sed  fo l lows .  
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Nicke l  Aluminum (Ref .  6-  16) 
I t e m  U n i t s   ( n i l   ( a l l  
25,000 
C i n . / s e c  1 .9  x 10 1 .97  x 10 
a i n .  360 9 .36  
5 
m 
E p s i  30 x 10 10 x 10 6 
t in .   0 .0107  0 .032  
5 2 x 10 
3 - - 10 -2 
T h e r e f o r e ,  t h e  n i c k e l  s h e l l  s t ress  d u e  t o  a 148 db a c o u s t i c a l  n o i s e  
l e v e l  w i l l  be  less t h a n  230 p s i .  Even i f  t h e  a i r  dampening f a c t o r   o f  
t h e  c o l l e c t o r  s h e l l  were i n  e r r o r  by a f a c t o r  of 200 t o  300,  t h e  
f a t igue  s t r eng th  o f  n i cke l  wou ld  no t  be  exceeded .  
I n  t h e  p r o p o s e d  d e s i g n ,  a d d i t i o n a l  r e s i s t a n c e  t o  s t r e s s  
f a t i g u e  i s  p rov ided  by  the  cu rva tu re  o f  t he  she l l  and  the  p redominan t ly  
t e n s i l e   l o a d i n g   p r o v i d e d   b y   t h e   l a u n c h   a c c e l e r a t i o n .  The  improvement 
i n  r e s i s t a n c e  t o  a c o u s t i c a l  f a i l u r e  as a f u n c t i o n  o f  s h e l l  c u r v a t u r e  
and s t a t i c  p r e s s u r e ,  e q u i v a l e n t  t o  s t a t i c  a c c e l e r a t i o n ,  on the   concave  
s i d e  o f  c u r v e d  p l a t e s  is  a l s o  d i s c u s s e d  i n  R e f .  6 - 1 6 .  
From the  exper imenta l  da ta  of  Ref .  6 -16  the  edge  mount ing  
des ign  i s  ve ry   impor t an t .   The re fo re   des ign   de t a i l s   wh ich   i nc rease  
f r i c t i o n  dampening  and  which  reduce  loca l ized  edge  s t resses ,  w i l l  
r e d u c e  a n y  e d g e  e f f e c t s  o f  a c o u s t i c a l  n o i s e .  
The re fo re  the  p roposed  des ign  shou ld  have  a h i g h  r e s i s t a n c e  
t o  t h e  s t a t i c  p r e s s u r e  and  the  dynamic s t ress  produced by t h e  148 db 
a c o u s t i c a l  n o i s e  f i e l d .  
6.9  Thermal  Effects 
The a l l - n i c k e l  c o l l e c t o r  s t r u c t u r e  h a s  a h i g h  r e s i s t a n c e  t o  
thermal  s t ress  and  thermal  shock. A t  no  time w i l l  t he   t empera tu re  
o v e r  t h e  e n t i r e  c o l l e c t o r  v a r y  by  more than  200 F.  Based  on a thermal  0 
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e x p a n s i o n   c o e f f i c i e n t  of 7 . 4  x 10 and a modulus  of e l a s t i c i t y  of 
30 x lo6 ,  f o r  n i c k e l ,  t h e  maximum p o s s i b l e  t h e r m a l  stress even  assum- 
i n g  a comple t e ly  r ig id  to rus  wou ld  be  o f  44,400 p s i  which gives  a 
s a f e t y  f a c t o r  of g r e a t e r  t h a n  1 .5  r e l a t i v e  t o  a 70,000 p s i  y i e l d  
s t r e n g t h .  
-6  
The r e s i s t a n c e  o f  t h i s  s t r u c t u r e  t o  t h e r m a l  s h o c k  w i l l  b e  
h igh .   Whi l e   no   s t anda rd   t he rma l   shock   r e s i s t ance  t e s t  e x i s t s ,  good 
t h e r m a l  s h o c k  r e s i s t a n c e  a p p e a r s  t o  b e  a f u n c t i o n  of t h e  r a t i o  K s / ~ E ,  
where K i s  t h e  t h e r m a l  c o n d u c t i v i t y ,  s t h e  t e n s i l e  s t r e n g t h ,  cy t h e  
l i n e a r  c o e f f i c i e n t  o f  t h e r m a l  e x p a n s i o n ,  a n d  E the modulus of e l a s t i c i t y .  
T h i s  r a t i o  shows t h a t  t h e r m a l  s h o c k  r e s i s t a n c e  is  favored  by  high 
t e n s i l e  s t r e n g t h ,  h i g h  t h e r m a l  c o n d u c t i v i t y ,  low modulus  of e l a s t i c i t y  
a t  f a i l u r e  and low thermal   expansion.   Based  on  comparat ive  values   of  
t h e  a b o v e  c o e f f i c i e n t s ,  f o r  c o m p a r a b l e  s t r u c t u r e s  a n d  t h e r m a l  v a r i a -  
t i o n s  n i c k e l  has  a t h e r m a l  s h o c k  r e s i s t a n c e  c o m p a r a b l e  t o  t h a t  o f  
aluminum. 
No s t r u c t u r a l  d e g r a d a t i o n  i s  t h e r e f o r e  e x p e c t e d  f r o m  e i t h e r  
thermal  s t ress  o r  shock. 
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7 .  RELIABILITY 
The c o l l e c t o r  r e l i a b i l i t y  d e p e n d s  o n  t h e  i n t e g r i t y  o f  t h e  p a r a -  
b o l o i d a l  g e o m e t r y  a n d  t h e  r e f l e c t i v e  m i r r o r  c o a t i n g .  
7 . 1  Ground Tes t ing   and   Handl ing  
The e n v i r o n m e n t a l  s p e c i f i c a t i o n s  f o r  g r o u n d  t e s t i n g  a n d  
handl ing  are much less s e v e r e  t h a n  t h e  s t a t i c  a n d  dynamic  loadings 
du r ing   l aunch   and   o rb i t .  The g r o u n d   s p e c i f i c a t i o n s   c a n   e a s i l y   b e  
met by   t he   p roposed   co l l ec to r .  A l s o ,  dur ing   t he   g round   t e s t ing   and  
handl ing   phases   weight  is  n o t  a m a j o r   c r i t e r i o n .   T h e r e f o r e ,   h a n d l i n g  
f ix tu re s  and  too l ing  can  be  des igned  s o  t h a t  t h e  c o l l e c t o r  h a s  a 
l a r g e  s a f e t y  f a c t o r  w i t h o u t  a d d i n g  t o  p a c k a g i n g  o r  t r a n s p o r t a t i o n  
c o s t s   a p p r e c i a b l y .  
The r e l i a b i l i t y  o f  t h e  r e f l e c t i v e  c o a t i n g  u n d e r g r o u n d  t e s t -  
ing  and  handl ing  condi t ions  i s  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  
7 . 1 . 1  Coating  Adhesion 
The EOS c o l l e c t o r  d e s i g n  i n v o l v e s  t h e  u s e  o f  a 
c h e m i c a l   s p r a y   d e p o s i t e d   s i l v e r   r e f l e c t i v e   c o a t i n g .  The e l e c t r o -  
chemica l  bond be tween th is  chemica l ly  predepos i ted  s i lver  layer  and  
t h e  e l e c t r o f o r m e d  n i c k e l  s h e l l  i s  almost  an order  of  magni tude greater  
t h a n   f o r   a n y  vacuum d e p o s i t e d  metal c o a t i n g .   T h i s   e l e c t r o c h e m i c a l  bond 
p r o b a b l y   e x c e e d s   t h e   s t r e n g t h   o f   s o l i d  s i l ve r .  No adhesion  problems 
are e x p e c t e d   b e t w e e n   t h e   n i c k e l   a n d   s i l v e r .  None have  been  encoun- 
t e r e d  i n  p r e v i o u s  EOS electroforming  work.   However ,   the   use  of  
chemica l ly  depos i t ed  s i l ve r  o n  c o l l e c t o r s  f a b r i c a t e d  b y  o t h e r  p r o c e s s e s  
i s  n o t  p r a c t i c a l .  The a l t e r n a t i v e ,  vacuum d e p o s i t e d   s i l v e r ,   w o u l d   b e  
u n r e l i a b l e .  Vacuum d e p o s i t e d  s i lver  c o a t i n g s   e x h i b i t   r e l a t i v e l y   p o o r  
a d h e s i v e  q u a l i t i e s ,  i n  f a c t  t h e y  a r e  o f t e n  u s e d  a s  p a r t i n g  l a y e r s .  
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7 . 1 . 2   S i l v e r   D i f f u s i o n  
Based on the  phase  d i ag rams  inc luded  in  Ref .  7 -1 ,  
s i l v e r  and n i c k e l  a r e  i m m i s c i b l e  o v e r  t h e  t e m p e r a t u r e  r a n g e  i n  w h i c h  
a c o l l e c t o r  w i l l  o p e r a t e .   T h e r e f o r e ,   n o   r e f l e c t a n c e   l o s s e s  w i l l  be  
c a u s e d  b y  n i c k e l - s i l v e r  d i f f u s i o n .  
7 . 1 . 3  P r e l a u n c h   P r o t e c t i o n  
The 91 p e r c e n t  v a l u e  f o r  p r a c t i c a l  s i l v e r  r e f l e c t a n c e  
was based on a nominal 1 t o  2 pe rcen t  deg rada t ion  due  to  no rma l  t e s t ing ,  
p r o v i d i n g   t h e   c o l l e c t o r  i s  s u i t a b l y   p r o t e c t e d   b e t w e e n   t e s t s .  The s i lver  
r e f l e c t a n c e  is pr imar i ly  degraded  by  the  presence  of  the  hydrogen  su l -  
p h i d e   i o n .   T h e r e f o r e ,   t h e   s i l v e r   s u r f a c e   c a n   b e   p r o t e c t e d   e i t h e r   b y  
p rov id ing  an  impene t r ab le  p ro tec t ive  coa t ing  o r  by  e l imina t ing  hydrogen  
s u l p h i d e  
1. 
2 .  
3 .  
4 .  
ions f rom the presence of t h e  s i l ve r  c o a t e d  m i r r o r .  
Pro tec t ive   methods   inc lude :  
A v e r y  t h i n  l a y e r  of amino s i l a n e ,  now be ing  ex tens ive ly  
used  on a l l  s i l v e r  f l a t w a r e  made i n  t h e  U n i t e d  S t a t e s ,  c a n  
be  depos i ted  on t h e  s i l v e r  i m m e d i a t e l y  a f t e r  c o l l e c t o r  
f a b r i c a t i o n .   T h i s   m a t e r i a l   c a n   b e   d e p o s i t e d   i n  a p inho le -  
f r e e   c o a t i n g .  It o f f e r s   g r e a t   p r o m i s e   f o r   c o l l e c t o r s  
r e q u i r i n g  l o n g  t e r r e s t r i a l  s o l a r  t e s t s .  
A sp rayab le  pho to lyzab le  f i lm  cou ld  be  used  fo r  p ro tec t ion  
f r o m   f a b r i c a t i o n   t o   o r b i t .   T h i s   f i l m   r e a d i l y   e v a p o r a t e s  
u n d e r  t h e  i n f l u e n c e  o f  u l t r a v i o l e t  r a d i a t i o n  a n d  h a r d  vacuum. 
The p h o t o l y z a b l e  f i l m  i s  c o m p a t i b l e  w i t h  s i l v e r  s u r f a c e s .  
A number  o f  mechan ica l ly  s t r ippab le  p l a s t i c  f i lms ,  compa t ib l e  
w i t h  s i lver ,  c o u l d  p r o t e c t  t h e  s i l v e r  f r o m  m a n u f a c t u r i n g  t o  
p re l aunch   p repa ra t ions .   Such   f i lms   have   been   ex tens ive ly  
u s e d  i n  t h e  p r o d u c t i o n  o f  s o l a r  s i m u l a t o r  m i r r o r s  a n d  s e a r c h -  
l i g h t s   a t  EOS . 
C o l l e c t o r  s t o r a g e  i n  a b a g  o f  i n e r t  g a s ,  s u c h  as n i t r o g e n ,  
w i l l  e l imina te  the  presence  of  hydrogen  su lphide .  
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5. Lead   ace t a t e   impregna ted   pape r  w i l l  absorb  the  hydrogen 
s u l p h i d e   i o n   i f   p l a c e d   i n   t h e   c o l l e c t o r   c o n t a i n e r .   S e v e r a l  
sample  mir rors  have  been  s tored  and  repea ted ly  inspec ted  
w i t h o u t  v i s i b l e  loss o f  r e f l e c t a n c e  f o r  p e r i o d s  o f  s i x  
m o n t h s  o r  m o r e  u s i n g  t h i s  l e a d  a c e t a t e  p a p e r .  
Based  on  previous  exper ience  and  the  numerous  ava i l -  
ab le  methods  of  pro tec t ing  s i lver ,  no  problems concern ing  loss  i n  
r e f l e c t a n c e  p r i o r  t o  l a u n c h  a r e  e x p e c t e d  i f  a n y  o f  t h e  a b o v e  m e t h o d s  
a r e   f o l l o w e d .  The o v e r a l l   c o l l e c t o r   r e l i a b i l i t y  w i l l ,  t h e r e f o r e ,   b e  
v e r y  h i g h  d u r i n g  t h e  p r e l a u n c h  p h a s e .  
7 . 2  Launch  Conditions 
Based on r e a s o n a b l e  a s s u m p t i o n s  f o r  t h e  “ c r i t i c a l  b u c k l i n g  
f a c t o r ” ,  a i r  a n d  s t r u c t u r a l  dampening, c o l l e c t o r   e d g e   c o n d i t i o n s ,  
n a t u r a l  f r e q u e n c i e s ,  a n d  mode shapes   t he   con t inuous ly   suppor t ed   t o rus  
c o l l e c t o r  d e s i g n  w i l l  w i t h s t a n d  a l l  s p e c i f i e d  l a u n c h  a n d  e n v i r o n m e n t a l  
c o n d i t i o n s .  
S i n c e  t h e  c h e m i c a l l y  s p r a y  d e p o s i t e d  s i l v e r  r e f l e c t i v e  l a y e r  
h a s  h i g h  a d h e s i o n  t o  t h e  e l e c t r o f o r m e d  n i c k e l  s u b s t r a t e ,  n o  r e f l e c t a n c e  
l o s s  i s  expected  due  to   dynamic  environmental   loadings.  
7 . 3  Orbi t   Condi t ions  
With a q u a d r a p o d  t o r u s  c a v i t y  a b s o r b e r  s t r u t  d e s i g n ,  t h e  
g e o m e t r i c  i n t e g r i t y  o f  t h e  c o l l e c t o r  w i l l  be  main ta ined  throughout  the  
10,000 h o u r  o r b i t  d e s i g n  l i f e  w i t h  a loss of l e s s  t h a n  2 t o  3 percen t  
o f  t h e  t o t a l  r e f l e c t i v e  a r e a  d u e  t o  a l l  p o s s i b l e  s t r u c t u r a l  d i s t o r t i o n :  
t h e r m a l ,   t o r u s   d e f l e c t i o n ,   s t r u t   r o t a t i o n .  
The o r b i t a l  r e s i s t a n c e  of t h e  r e f l e c t i v e  c o a t i n g  i s  dependent 
on t h e  b a s e  m a t e r i a l ,  e l e c t r o f o r m e d  n i c k e l ,  as wel l  a s  t h e  c o a t i n g  
material .  The va r ious   a spec t s   o f   t he   space   env i ronmen t   t ha t   can   be  
e x p e c t e d  t o  a f f e c t  t h e  c o m p o s i t e  r e f l e c t i v e  s u r f a c e s  and electroformed 
n i c k e l  b a s e  s t r u c t u r e  i n c l u d e :  
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I -  
1.  Temp.erature 
2 .  Micrometeor i tes  
3 .  Charged   pa r t i c l e s  
4 .  Changes i n   d i e l e c t r i c   p r o t e c t i v e   c o a t i n g s  due t o  u l t r a v i o l e t  
r a d i a t i o n  
5 .  M i s c e l l a n e o u s   e f f e c t s  
A l l  e s t i m a t e s  o f  r e f l e c t i v e  s u r f a c e  d e g r a d a t i o n  i n  s p a c e  a r e  
based   on   g round  s imula t ion   tes t s   o r  on a n a l y s i s .  The a n a l y t i c a l  e s t i -  
mates depend on theories of unknown v a l i d i t y  and on widely divergent  
v a l u e s  f o r  e n e r g y  a n d  p a r t i c l e  f l u x  d e n s i t i e s ,  d e p e n d i n g  on t h e  s o u r c e  
o f   t h e   d a t a .   I n s t r u m e n t e d   s a m p l e s   o f   s p e c u l a r l y   r e f l e c t i v e   s u r f a c e s ,  
r e p r e s e n t a t i v e  o f  s o l a r  c o l l e c t o r  s u r f a c e s ,  h a v e  n e v e r  y e t  b e e n  e x p o s e d  
t o   t h e   a c t u a l   s p a c e   e n v i r o n m e n t .   U n t i l   t h i s  i s  done ,   t he re  w i l l  be  no 
f i n a l  a n s w e r  r e g a r d i n g  t h e  d u r a b i l i t y  o f  a n y  r e f l e c t i v e  s u r f a c e  i n  
space .   Fo r tuna te ly ,   p l ans   a r e   nowunder   way to   imp lemen t   such   an   expe r -  
iment . 
Being f u l l y  a p p r e c i a t i v e  o f  t h e  u n a v a i l a b i l i t y  o f  p o s i t i v e  
knowledge  on t h i s  s u b j e c t ,  EOS has  chosen a r e f l e c t i v e  c o a t i n g  s y s t e m  
which  seems t o  o f f e r  t h e  b e s t  p r o b a b i l i t y  o f  w i t h s t a n d i n g  t h e  s p a c e  
environment ,   based on cu r ren t   heo ry   and   expe r imen ta l   da t a .   Re fe rence  
7 - 2  d i s c u s s e s   t h e   e f f e c t s   o f   s p a c e   e n v i r o n m e n t a l   f a c t o r s  on s u r f a c e  
r e f l e c t a n c e   d e g r a d a t i o n .   T h i s   r e p o r t  w i l l  summar ize   these   f ind ings .  
7 . 3 . 1  Tempera ture   Ef fec ts  
Over the  p rac t i ca l  r ange  o f  abso rp t iv i t i e s  and  emis -  
s i v i t i e s  c o n s i d e r e d ,  t h e  t o r o i d a l l y  s u p p o r t e d  e l e c t r o f o r m e d  n i c k e l  
c o l l e c t o r  w i l l  encoun te r  no  p rob lems  due  to  ma te r i a l  r ec rys t a l l i za t ion ,  
s t ress  r e l i e f ,   c r e e p ,   o r   e v a p o r a t i o n .  
7 . 3 . 2  Micrometeor i tes  
It has  been shown (Ref s .  7 - 3  and 7 - 4 )  t h a t  t h e  volume 
o f  m a t e r i a l  d i s p l a c e d  t o  f o r m  a p i t  on t h e  r e f l e c t i v e  s u r f a c e  i s  
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  k i n e t i c  e n e r g y  of the  impinging  
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m i c r o m e t e o r i t e   p a r t i c l e .   V a r i o u s   c o n s t a n t s   o f   p r o p o r t i o n a l i t y   h a v e  
been developed by  Whipple, E iche lber te r ,  and  Gehr ing  and  Barnes  
(Refs .  7 - 5 ,   7 - 6 ,  and 7 - 7 ) .  
Based  on p a r t i c l e  v e l o c i t i e s  r a n g i n g  f r o m  2 . 2  t o  
7 . 2  x 10  cen t ime te r s / second   and   dens i t i e s   r ang ing   f rom 0.44 t o  8 . 9  grams 
p e r  c e n t i m e t e r ,  f r a c t i o n a l  s u r f a c e  l o s s e s  f o r  n i c k e l  s u b s t r a t e  m a t e r i a l s  
could range from a maximum of 0 . 7 6  p e r c e n t  t o  a minimum of 0 . 0 6  percen t  
p e r   y e a r .   D e p e n d i n g   o n   t h e   p r o p o r t i o n a l i t y   c o n s t a n t   u s e d ,   a n  aluminum 
s u b s t r a t e  c o u l d  l o s e  f r o m  2 t o  4 times as much s u r f a c e  a r e a  p e r  y e a r  
a s  a n i c k e l   s u b s t r a t e .   F o r   e i t h e r   p l a s t i c   s u b s t r a t e   t y p e   r e f l e c t o r s  
o r  r e f l e c t i v e  c o a t i n g s  i n v o l v i n g  d i e l e c t r i c  l a y e r s ,  l a r g e r  s u r f a c e  
a r e a  l o s s e s  m i g h t  b e  e x p e c t e d .  
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T e s t s  a t  NASA-Lewis us ing  s imula t ed  mic rometeo r i t e  
f l u x e s  h a v e  r e s u l t e d  i n  h i g h e r  p e r c e n t a g e s  o f  s u r f a c e  area degrada t ion  
on r e p r e s e n t a t i v e   r e f l e c t i v e   s a m p l e s .   T h e r e  i s  some ques t ion   whe the r  
t h e  low v e l o c i t y  f l u x e s  o f  t h e  s i m u l a t i o n  t e s t s  a c t u a l l y  r e p r e s e n t  t h e  
s u r f a c e  damage  of t h e  e x p e c t e d  h i g h e r  v e l o c i t y  s p a c e  f l u x e s  e v e n  t h o u g h  
t h e  t o t a l  k i n e t i c  e n e r g y  f l u x  i s  t h e  same i n  b o t h  cases (see Appendix B ) .  
Expe r imen t s  a re  con t inu ing  on a new g r o u p  o f  r e f l e c t i v e  
samples . 
7 . 3 . 3  Charged   Pa r t i c l e s  
Space proton bombardment of polished metal  surfaces 
may have a s i g n i f i c a n t  e f f e c t  on sur face   degrada t ion .   Depending  on 
t h e  r e f e r e n c e s  c i t e d  a n d  on whe the r  t he re  i s  h i g h  s o l a r  a c t i v i t y ,  
c h a r g e d  p a r t i c l e  damage c o u l d  r a n g e  f r o m  v e r y  l i t t l e  t o  a s i g n i f i c a n t  
amount i n  one t o  t h r e e  y e a r s .  
7 . 3 . 4  U l t r a v i o l e t  
S i n c e  n o  d i e l e c t r i c  p r o t e c t i v e  c o a t i n g s  a r e  e x p e c t e d  
t o  b e  u s e d ,  u l t r a v i o l e t  d e g r a d a t i o n  e f f e c t s  s h o u l d  n o t  b e  a problem. 
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7.3.5 Misce l laneous  
The e f f e c t s  of a tomic displacement  by high energy 
e l e c t r o n s  a n d  p r o t o n s  s h o u l d  n o t  d e g r a d e  t h e  s p e c u l a r  r e f l e c t i v i t y  
as  much as 1 p e r c e n t   p e r   y e a r .   A l s o ,   t h e   i o n i z a t i o n   p r o d u c e d  by 
h i g h  e n e r g y  p h o t o n s ,  x - r a y s ,  a n d  u l t r a v i o l e t  s h o u l d  c r e a t e  n o  s t a t i c  
a t t r a c t i o n  of p a r t i c l e s  o n t o  t h e  a l l - m e t a l  m i r r o r  s u r f a c e .  
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I "  
8. WEIGHT CONSIDERATIONS 
8 .1  ~~ Imp-ortanc-e  .of-Weight as an Optimizat ion  Parameter  
The importance of weight i n  a space  power system design must  
b e  e v a l u a t e d  i n  r e l a t i o n  t o  two f a c t o r s :  
1. Compe t i t i ve   pos i t i on   o f   t he  power s y s t e m   r e l a t i v e   t o  a l ternate  
systems  of similar power ou tpu t  
2. Weigh t   capab i l i t y   o f   i n t ended   boos t e r s  
8 .1 .1  R e l a t i o n s h i p  ~~ t o  ~~~~ Competi t ive  Systems 
Only  the  so la r  photovol ta ic  sys tem w i l l  compete with 
t h e  s o l a r  B r a y t o n  c y c l e  s y s t e m  d u r i n g  t h i s  d e c a d e  i n  t h e  5 t o  1 0  k i l o -  
w a t t  power range.  No nuc lea r  s y s t e m s  of  comparable power output  and 
no  o the r  mul t ik i lowa t t  so l a r  sys t ems  are  a n t i c i p a t e d  on a development 
schedu le   compa t ib l e   w i th   t ha t   o f   t he   so l a r   Bray ton   cyc le   sys t em.  A 
weight breakdown for a s o l a r  p h o t o v o l t a i c  power system i s  shown i n  
Table  8-1.  This  i s  f o r  a 5 t o  10 k i l o w a t t  s y s t e m ,  u s i n g  b a t t e r y  e n e r g y  
s t o r a g e  i n  a low a l t i t u d e  e a r t h  o r b i t .  Even the   we igh t  of t h e  s o l a r  
p a n e l  a r r a y  a l o n e  i s  e q u a l  t o  o r  g r e a t e r  t h a n  t h a t  a n t i c i p a t e d  f o r  t h e  
t o t a l   B r a y t o n   c y c l e  s y s t e m .  Including  the  remaining  system  components ,  
t he  pho tovo l t a i c  sys t em w i l l  weigh up t o  t w i c e  a s  much as the Brayton 
cycle  system.  However,  even i f  i t  were as heavy as t h e   p h o t o v o l t a i c  
system, the Brayton cycle  system would s t i l l  have a c l e a r  a d v a n t a g e  
i n  r e g a r d  t o  u n i t  c o s t .  A t  t h e   p r e s e n t  t i m e ,  t h e  u n i t  c o s t  of a photo-  
v o l t a i c   s y s t e m  i s  on   t he   o rde r   o f   $1 ,000 ,000   pe r   k i lowa t t .   I f  low 
e f f i c i e n c y  c e l l s  were accep ted  as a means of  reducing cost  (with a 
co r re spond ing  we igh t  i nc rease ) ,  t he  sys t em cos t  migh t  be  r educed  to  
$500 ,00Oper   k i lowa t t   o r   s l i gh t ly  less .  However, t h i s  i s  s t i l l  on  the 
order  of  $4,000,000 p e r  u n i t  f o r  an 8 k i lowa t t  sys t em.  
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TABLE 8-1 
WEIGHT  BREAKDOWN OF TYPICAL 
SOLAR PHOTOVOLTAIC POWER SYSTEM 
Design Condit ions 
Power level 
Orb i t  pa rame te r s  
Weight Breakdown 
S o l a r  c e l l  a r r a y  ( d a y l i g h t  o n l y )  
S o l a r  c e l l  a r r a y  ( s i z e d  t o  s u p p l y  o u t p u t  
power p lus  ba t t e ry  cha rg ing  power .  
E n e r g y  s t o r a g e  e f f i c i e n c y  = 85 percent) 
B a t t e r y  w e i g h t  ( s e a l e d  s i l ve r  
cadmium b a t t e r i e s .   E n e r g y  
s t o r a g e  c a p a c i t y  = 8 w a t t  h r  p e r  l b )  
Aux i l i a ry  dep loymen t  gea r ,  e l ec t ron ic s  and  
c o n t r o l s  ( e x c l u d i n g  power 
condi t ion ing  equipment )  
System weight (raw power) 
System weight (assuming 
power condi t ion ing  equipment  
weighs  20  lb  per  kw and has 
e f f i c i e n c y  of 85 percent) 
5 t o  10 kw 
55 m i n u t e  l i g h t  p e r  
35 minute  dark  
130 l b  p e r  kw;k 
227 l b  p e r  kw 
70 l b  p e r  kw 
5 0  l b  p e r  kw 
347 l b  p e r  kw 
428 l b  p e r  kw 
*Speci f ic  weight  i s  e x p r e s s e d  i n  pounds p e r  k i lowat t  o f  average  sys tem 
power o u t p u t .  
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The so la r  Bray ton  cyc le  sys t em en joys  a c l e a r  a d v a n t a g e  
b o t h  i n  r e g a r d  t o  w e i g h t  a n d  c o s t  o v e r  t h e  p h o t o v o l t a i c  s y s t e m .  T h e r e -  
f o r e ,  t h e  B r a y t o n  c y c l e  s y s t e m  c o u l d  b e  i n c r e a s e d  i n  w e i g h t  c o n s i d e r a b l y  
b e f o r e  i t  w o u l d  b e g i n  t o  l o s e  t h i s  c o m p e t i t i v e  a d v a n t a g e .  
Near  the  end  of  the  decade ,  the  SNAP-8 system may begin  
t o  compete  wi th  an  a r ray  of f o u r  B r a y t o n  c y c l e  s y s t e m s  i n  t h e  30 t o  35 
k i lowat t   range .   The  SNAP-8 w i l l  weigh  upwards  of 200 l b  p e r  kw depending 
on s h i e l d i n g  r e q u i r e m e n t s .  T h e  c o m p e t i t i v e  p o s i t i o n  o f  t h e  B r a y t o n  c y c l e  
s y s t e m  r e l a t i v e  t o  SNAP-8 i s  less c l e a r  c u t  a n d  d e p e n d s  s t r o n g l y  on 
s p e c i f i c   v e h i c l e   a n d   m i s s i o n   r e q u i r e m e n t s .  Some f a c t o r s  t o  b e  c o n s i d e r e d  
a r e :  
1. T o t a l  power requirement  
2 .   S e n s i t i v i t y  o f   p a y l o a d   t o   n u c l e a r   r a d i a t i o n  
3 .  Rel i ab i l i t y   advan tages   o f   mu l t ip l e   Bray ton   cyc le   un i t s   ve r sus  
a s i n g l e  SNAP-8 
4.   Importance  of  power sys tem  volume  dur ing   launch   and   in   o rb i t  
8 . 1 . 2   B o o s t e r   C a p a b i l i t y  
The second  ma jo r  cons ide ra t ion  i s  t h a t  o f  b o o s t e r  c a p a -  
b i l i t y .  The so la r   Bray ton   cyc le   sys t em i s  t o   b e   l a u n c h e d   i n  a S a t u r n  5 
b o o s t e r  w i t h  e i t h e r  a n  S - 2  o r  a n  S-4B uppe r  s t age .  The l a t t e r  c o m b i n a t i o n ,  
wh ich  can  ca r ry  the  20 - foo t  d i ame te r  co l l ec to r ,  i s  capable  of  240,000 l b s  
i n  a low a l t i t u d e  e a r t h  o r b i t .  Even the   two-s t age   Sa tu rn  5 h a s  a weight 
c a p a b i l i t y  many times the  expec ted  weight  of  four  so la r  Brayton  cyc le  
systems.   Unless   the  remaining  payload  volume of t h e   b o o s t e r  i s  f i l l e d  
i t  i s  u n l i k e l y  t h a t  w e i g h t  c a p a b i l i t y  o f  
b o t h  t h e  c o m p e t i t i v e  p o s i t i o n  o f  t h e  s o l a r  
B r a y t o n  c y c l e  s y s t e m  a n d  t h e  w e i g h t  c a p a b i l i t y  o f  t h e  i n t e n d e d  b o o s t e r s ,  
i t  i s  c l e a r  t h a t  t h e  s y s t e m  a n d  i t s  components  should be opt imized for  
s y s t e m  e f f i c i e n c y  a n d  r e l i a b i l i t y  r a t h e r  t h a n  f o r  minimum weight.  The 
EOS c o l l e c t o r  d e s i g n  c o n c e p t  i s  c o m p a t i b l e  w i t h  t h i s  s i t u a t i o n .  
w i t h  r a t h e r  
t h e  b o o s t e r  
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dense equipment,  
w i l l  be exceeded 
. l .  3 Summary 
Cons ider ing  
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8.2   Weight  of C o l l e c t o r  
T h i s  w e i g h t  d i s c u s s i o n  i n c l u d e s  the c o l l e c t o r  shel l  a n d  t o r u s ,  
t o r u s - r a d i a t o r   b r a c k e t s   a n d   t o r u s - c a v i t y   s t r u t   b r a c k e t s .   T a b l e s  8-11 
and 8-111 show t h e  v a r i o u s  w e i g h t s  a n d  p a c k a g i n g  d i m e n s i o n s  f o r  c o l l e c t o r s  
w i t h  n i c k e l  a n d  t i t a n i u m  t o r i  r e s p e c t i v e l y ,  b o t h  w i t h  a n  e i g h t - p o i n t  
r a d i a t o r  t o r u s  s u p p o r t  a n d  a n  a l t e r n a t i v e  c o n t i n u o u s  r a d i a t o r - t o r u s  
s u p p o r t .   S p e c i f i c   w e i g h t s   b e t w e e n  0.69 and 0.87 l b  p e r  f t 2  c a n  b e  
r e a d i l y   o b t a i n e d   w i t h   t h i s   d e s i g n .   L i g h t e r   w e i g h t   o n e - p i e c e   e l e c t r o -  
fo rmed  co l l ec to r s  can  be  ach ieved ,  wh ich  have  equ iva len t  o r  g rea t e r  
s t r u c t u r a l  i n t e g r i t y ,  a t  a s a c r i f i c e  i n  o p t i c a l  e f f i c i e n c y .  Some of 
t h e s e  a l t e r n a t i v e  d e s i g n s  a r e  d i s c u s s e d  i n  S e c t i o n  3 .  Such  designs 
would s t i l l  o f f e r  t h e  r e l i a b i l i t y  of  a h i g h  r e f l e c t a n c e  s i l ve r  r e f l e c t i v e  
c o a t i n g ,  e l e c t r o c h e m i c a l l y  b o n d e d  t o  a h i g h l y  s p e c u l a r  e l e c t r o f o r m e d  n i c k e l  
s h e l l .  H o w e v e r ,   t h e   o p t i c a l   l o s s e s   t h a t   a r i s e   f r o m   t h e   a t t a c h m e n t  of 
r i g i d i z i n g  s t r u c t u r e  a r e  i n h e r e n t  i n  t h e  l i g h t e n i n g  p r o c e s s  a n d ,  t h e r e f o r e ,  
s e t  a maximum l i m i t  on e f f e c t i v e  c o l l e c t o r  e f f i c i e n c y ,  w h i c h  i s  less than  
f o r  a s i n g l e  s h e l l  n o n r i g i d i z e d  c o l l e c t o r .  
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TABLE 8-11 
WEIGHT OF ALL-NICKEL  COLLECTOR 
Weight NICKEL 
TORUS 
S p e c i f i c  
Weight 
C o l l e c t o r  S h e l l  
Torus 
Torus - S h e l l  J o i n t  
R e f l e c t i v e  S u r f a c e  
Rad ia to r  - Torus  Support   Brackets ;k  
Torus - St ru t   Suppor t   Bracke t s  
372  
0.047 33 
0.218 154 
0.525 
0 . 2  0.0002 
40 
0.021  15 
0.056 
~ ~~ 
T o t a l s  614 0.87 
Packaging  Dimensions 
Height  
Diameter 
R i m  Ang l e  
< 4.0 f e e t  
30 .0  f e e t  
55  degrees  
J: Use o f  a c o n t i n u o u s  r a d i a t o r - t o r u s  s u p p o r t  w o u l d  e l i m i n a t e  
r a d i a t o r - t o r u s   s u p p o r t   b r a c k e t s .   W e i g h t s   w o u l d   b e :  
T o t a l   5 7 4   l b  
S p e c i f i c  0.81 l b / f t L  
1 8 3  
TABLE 8-111 
WEIGHT OF NICKEL-TITANIUM  COLLECTOR 
WEIGHT WITH TITANIUM TORUS - BRACKETS 
C o l l e c t o r  S h e l l  
Torus 
Torus - S h e l l  J o i n t  
R e f l e c t i v e  S u r f a c e  
Rad ia to r  - Torus  Support   Brackets;k 
Torus - St ru t   Suppor t   Bracke t s  
T o t a l  
Packaging Dimens ions  
Height  <4.0 f e e t  
Diameter 30.0  f e e t  
R i m  Angle 55  degrees  
Weight 
3 7 2  
65 
33 
0.2 
20 
10 
510 
Spec i f  i c  
Weight 
0.525 
0.092 
0.047 
0.0002 
0.028 
0.014 
0 . 7 2  
fc Use of c o n t i n u o u s  r a d i a t o r - t o r u s  s u p p o r t  w o u l d  e l i m i n a t e  
r a d i a t o r - t o r u s   s u p p o r t   b r a c k e t s .   W e i g h t s   w o u l d   b e :  
To ta l  490 l b  
S p e c i f i c  0.69 l b / f t  
2 
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9. CONCLUSIONS 
The proposed  des ign ,  a o n e - p i e c e  e l e c t r o f o r m e d  s h e l l  t o r o i d a l l y  
suppor ted  a t  t h e  r i m ,  o f f e r s  t h e  s y s t e m  d e s i g n e r  h i g h  e f f i c i e n c y  a n d  
r e l i a b i l i t y  c a p a b i l i t y  r e a s o n a b l e  w e i g h t ,  s u i t a b l e  p a c k a g i n g  volume 
and a manufac tu r ing  p rocess  tha t  i s  h igh ly  amenab le  to  low-cos t ,  accu -  
rate r e p r o d u c t i o n ,  w i t h  h i g h  p r o c e s s  a n d  q u a l i t y  c o n t r o l .  
9 . 1  Power 
The u s e f u l  s y s t e m  power i s  a f u n c t i o n  of t h e  c o l l e c t o r  diam- 
e t e r  and the power c o n v e r s i o n ,  s t o r a g e  a n d  c o l l e c t o r - a b s o r b e r  e f f i c i e n -  
c i e s .  ( T h e   c o l l e c t o r - a b s o r b e r   e f f i c i e n c y  as d e f i n e d   i n   t h i s   r e p o r t  
d o e s   n o t   i n c l u d e   t h e   c a v i t y   a b s o r b e r   t h e r m a l   i n s u l a t i o n   l o s s e s .   S u c h  
l o s s e s  are assumed t o  be included as p a r t  of t h e  h e a t  s t o r a g e  e f f i c i e n c y ) .  
Based  on  Fig. 9 - 1 ,  20- a n d  3 0 - f t  c o l l e c t o r s  w i t h  80 p e r c e n t  c o l l e c t o r -  
a b s o r b e r  e f f i c i e n c i e s  i n  a system having a combined power conversion 
and  s to rage  e f f i c i ency  o f  15  pe rcen t ,  wou ld  p roduce  5 and 11 k i l o w a t t s ,  
r e s p e c t i v e l y .  Even when a l l  c a v i t y   i n s u l a t i o n   a n d   c o l l e c t o r - a b s o r b e r  
losses are t a k e n  i n t o  a c c o u n t ,  t h e  d e s i g n  g o a l  o f  75  p e r c e n t  e f f i c i e n c y  
should be m e t .  
9 . 2  R e l i a b i l i t y  
The r e l i a b i l i t y  of t h e  p r o p o s e d  d e s i g n  s h o u l d . b e  h i g h  f o r  
a l l  p h a s e s  of i t s  o p e r a t i o n .   M e t a l l u r g i c a l l y   t h e   s t r u c t u r e   h a s   h i g h  
r e s i s t a n c e  t o  s u c h  e n v i r o n m e n t a l  c o n d i t i o n s  as: 
1. Temperature  extremes - h i g h  y i e l d  stress a t  low  and  high 
t e m p e r a t u r e s -  
2. Micrometeor i tes  - h i g h   v o l u m e t r i c   h e a t   o f   f u s i o n  
3. Vacuum - low v a p o r   p r e s s u r e  a t  h igh   t empera tu res  
4. High   ene rgy   p ro tons ,   e l ec t rons ,   pho tons ,   x - r ays  
5. U l t r a v i o l e t -   n o   d i e l e c t r i c   c o a t i n g s  
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6. D i f f u s i o n  - i m m i s c i b l e   w i t h   r e f l e c t a n c e   c o a t i n g s  
7 .  Shock - h i g h   y i e l d  stress 
8. Creep - h i g h '   y i e l d  stress a t  h igh   t empera tu res  
9 .  Corros ion  - r e l a t i v e l y   u n r e a c t i v e   t o   n o r m a l   a t m o s p h e r e s  
The i n t e g r i t y  o f  t h e  s t r u c t u r a l  d e s i g n ,  b a s e d  o n  a v a i l a b l e  
e m p i r i c a l  a n d  t h e o r e t i c a l  a n a l y s i s  o f  similar s h a p e s ,  i n d i c a t e s  t h a t  
t h i s  c o l l e c t o r  s h o u l d  h a v e  h i g h  s t r u c t u r a l  r e l i a b i l i t y  d u e  t o :  
1. 
2 .  
3 .  
4.  
5. 
6. 
7.  
8 .  
9 .  
A l l  metal c o n s t r u c t i o n  
H i g h l y  e f f i c i e n t  o n e - p i e c e  e l e c t r o f o r m e d  c o l l e c t o r  s h e l l  
Low r e s i d u a l  s t ress  
S i n g l e  j o i n t  
No pocke t s  fo r  gas  en t r apmen t  
Elec t ro-chemica l  bonds  be tween torus  and  she l l  
High a i r  dampening 
Low t h e r m a l  g r a d i e n t  a c r o s s  t h e  c o l l e c t o r  s h e l l  
Low thermal  expansion materials 
The r e f l e c t a n c e  c o a t i n g  o f  c h e m i c a l l y  d e p o s i t e d  s i l v e r  h a s  
a l s o   h i g h   r e s i s t a n c e   t o   t h e   a b o v e   f a c t o r s .   P o s s i b l e   t a r n i s h i n g   o f   t h e  
s i l v e r  r e f l e c t a n c e  c o a t i n g  by hydrogen  su lph ide  ions  can  eas i ly  be  
overcome by any one of  several  protect ive methods.  
9 . 3  Weight  and Volume C o l l e c t o r  
A spec i f i c  we igh t  o f  0 . 8  l b s  p e r  f t 2  s h o u l d  b e  a d e q u a t e  t o  
meet e n v i r o n m e n t a l   s p e c i f i c a t i o n s .   W h i l e   o t h e r   c o l l e c t o r   c o n c e p t s  may 
a c h i e v e  s l i g h t l y  l o w e r  d e s i g n  w e i g h t s ,  t h e  loss i n  r e l i a b i l i t y  a n d  
power f o r  s u c h  d e s i g n s  d o e s  n o t  c o m p e n s a t e  f o r  t h e  s l i g h t  o v e r a l l  s y s -  
t e m  w e i g h t  r e d u c t i o n ,  p a r t i c u l a r l y  when t h e  S a t u r n  b o o s t e r s ,  w h i c h  w i l l  
b e  u s e d  t o  l a u n c h  t h e  B r a y t o n  c y c l e  s o l a r  power systems,  have payload 
c a p a b i l i t y  so  t h a t  e v e n  a 2 t o  3 0 0  p e r c e n t  i n c r e a s e  i n  c o l l e c t o r  w e i g h t  
w i l l  n o t  b e  d e t r i m e n t a l  t o  t h e  o v e r a l l  m i s s i o n  c a p a b i l i t y .  
The p r o p o s e d  c o l l e c t o r  w i l l  f i t   i n  a p a c k a g e  3 0 - f e e t  i n  
diameter  and less t h a n   & f e e t   h i g h .   F o r   t h e   2 0 - f o o t   d i a m e t e r   c o l l e c t o r  
t he  packag ing  he igh t  w i l l  be less t h a n  2 . 7 - f e e t .  
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9.4 c o s t  
R e l a t i v e  t o  o t h e r  d e s i g n  c o n c e p t s  t h e  s i n g l e  s h e l l  t o r o i d a l l y  
r i m  s u p p o r t e d  c o l l e c t o r  o f f e r s  t h e  f o l l o w i n g  c o s t  a d v a n t a g e s :  
1. Automat i c   gene ra t ion   and   r ep roduc t ion  of t h e   p a r a b o l o i d a l  
she l l  geomet ry  
2. Shor t   p roduc t ion  time 
3 .  Automat i c   p rocess   con t ro l s  
4 .  E x a c t   r e p r o d u c t i o n   a n d   d u p l i c a t i o n   b e t w e e n   s u c c e s s i v e   c o l l e c t o r s  
5 .  C o n t r o l l e d   r e s i d u a l   s t r u c t u r a l  stresses e n s u r i n g   h i g h   y i e l d  
rates 
6 .  Only a s i n g l e   j o i n t  
The e x a c t  c o s t  o f  t h e  c o l l e c t o r s  w i l l  depend on  the  f ina l  
c o l l e c t o r  d e s i g n ,  s p e c i f i c a t i o n s ,  n u m b e r ,  a n d  d e l i v e r y  s c h e d u l e .  
With i t s  h i g h  p e r f o r m a n c e  a n d  r e l i a b i l i t y  c a p a b i l i t y  t h e  
EOS c o l l e c t o r  d e s i g n  w i l l  a c h i e v e  t h e  l o w e s t  t o t a l  c o s t s  f o r  a n y  
g i v e n  power o u t p u t  a n d  r e l i a b i l i t y .  
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10. RECOMMENDATIONS 
A s  a r e s u l t  o f  t h i s  c o l l e c t o r  s t u d y  p r o g r a m ,  i t  has  been  found 
t h a t  a d d i t i o n a l  i n f o r m a t i o n  i s  r e q u i r e d  i n  two areas i n  o r d e r  t o  v e r i f y  
a n d  i m p r o v e  c o l l e c t o r  r e l i a b i l i t y :  
1. I n v e s t i g a t i o n  of c o l l e c t o r   s t r u c t u r a l   i n t e g r i t y  
2. Measurements  of c o l l e c t o r   s u r f a c e   r e f l e c t a n c e   d e g r a d a t i o n  
i n  s p a c e  
1 0 . 1  S t r u c t u r a l  T e s t i n g  
To p rov ide  a f i r m e r  b a s i s  f o r  d e t e r m i n i n g  s t r u c t u r a l  f e a s i -  
b i l i t y  of l a r g e ,  s i n g l e - p i e c e ,  s o l a r  c o l l e c t o r s ,  a t es t  program in- 
v o l v i n g  t h e  m o s t  c r i t i c a l  s t r u c t u r a l  a n a l y s i s  a r e a s  i s  recommended. 
Such a program w i l l  p rov ide  va lues  needed  fo r  ana lys i s  as w e l l  as 
c h e c k  p o i n t s  f o r  t h e  v e r i f i c a t i o n  of e x i s t i n g  t h e o r i e s .  
1 0 . 1 . 1  Model  Types 
Two model   types  are   proposed:  (1) p a r a b o l o i d a l  m i r -  
r o s  w i th  approx ima te ly  the  same r i m  a n g l e  a n d  g e n e r a l  s t r u c t u r a l  
c h a r a c t e r i s t i c s  a s  t h e  f u l l  s c a l e  m i r r o r ;  ( 2 )  s p h e r i c a l  m i r r o r s  r i g i -  
d i zed  by a s imple edge mounted toroidal  r ing with the same average  
r a d i u s  of  curva ture  as t h e  f u l l - s c a l e  m i r r o r .  
The f i r s t  t y p e  of  model  would  be  used  for tes ts  r e l a t e d  
t o   o r   a f f e c t e d  by o v e r a l l  c o l l e c t o r  s t r u c t u r a l  c h a r a c t e r i s t i c s .  The 
second  type of model  (which  approximates a s e c t i o n  o f  t h e  f u l l - s c a l e  
m i r r o r )  w o u l d  b e  u s e d  f o r  e v a l u a t i o n  o f  l o c a l  s u r f a c e  e f f e c t s ,  s u c h  as 
l o c a l  b u c k l i n g  o r  a c o u s t i c  damage. 
10 .1 .2  Exper imenta l  Tes ts  
1 0 . 1 . 2 . 1  S t a t i c  B u c k l i n g  
Buckling by s t a t i c  a c c e l e r a t i o n  c a n  b e  a p p r o x -  
imated  by a s t a t i c  d i f f e r e n t i a l  p r e s s u r e .  Two types  of in fo rma t ion   can  
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be  determined  by  the  buckl ing t es t .  F i r s t ,  t he   expe r imen ta l   buck l ing  
p r e s s u r e  d i v i d e d  b y  t h e  c a l c u l a t e d  c l a s s i c a l  b u c k l i n g  p r e s s u r e  s h o u l d  
be  compared  wi th  the  "c r i t i ca l  buck l ing  f ac to r "  [.a= $1 u s e d  i n  t h e  
c o l l e c t o r   d e s i g n .   A l s o ,   t h e   p r e s s u r e  a t  wh ich   s ign l f i can t   pe rmanen t  
sur face  deformat ion  occurs  should  be  de te rmined  and  compared  wi th  the  
c r i t i c a l  b u c k l i n g  p r e s s u r e .  
1 0 . 1 . 2 . 2  V i b r a t i o n  C h a r a c t e r i s t i c s  
V i b r a t i o n  tes ts  should  be  run  to  de te rmine  
n a t u r a l  f r e q u e n c i e s ,  mode shapes  and  s t ruc tu ra l  and  a i r  dampening 
c h a r a c t e r i s t i c s .   T h e s e   c h a r a c t e r i s t i c s   a r e   e s s e n t i a l   f o r   s t r u c t u r a l  
a n a l y s i s  of large c o l l e c t o r s  u n d e r  e n v i r o n m e n t a l  v i b r a t i o n ,  s h o c k ,  and 
a c o u s t i c  e x c i t a t i o n .  
10 .1 .2 .3  Acous t i ca l  No i se  
Models   should   be   subjec ted   to   no ise   l eve ls  up 
t o  t h o s e  d e f i n e d  by the  envi ronmenta l  acous t ica l  no ise  spec t rum,  which  
has  an  average  va lue  of 148 db. 
10 .1 .2 .4  Tempera ture  Var ia t ions  
U s i n g  a p p r o p r i a t e  h e a t  s o u r c e s ,  s t r u c t u r a l  
m o d e l s  s h o u l d  b e  s u b j e c t e d  t o  t r a n s i e n t  t h e r m a l  v a r i a t i o n s  a n d  g r a d i e n t s  
similar t o  t h o s e  t h a t  c a n  b e  e x p e c t e d  f o r  t h e  f u l l - s c a l e  o r b i t i n g  c o l l e c -  
t o r .  
10 .1 .2 .5  Opt ica l  Tes ts  
Op t i ca l  t e s t s  shou ld  be  pe r fo rmed  bo th  be fo re  
and a f t e r  t h e  a b o v e  s t r u c t u r a l  tes ts  t o  d e t e r m i n e  t h e  c h a n g e  i n  c o l l e c -  
t o r  model  per formance ,  i f  any ,  caused  by  the  var ious  tes ts .  
1 0 . 1 . 3  A n a l y t i c a l  C o r r e l a t i o n  
The e x p e r i m e n t a l  r e s u l t s  a b o v e  c a n  b e  u s e d  t o  p r e d i c t  
s t r u c t u r a l   p e r f o r m a n c e  of t h e   f u l l - s c a l e   m i r r o r .  While t h e s e  t e s t s  
c a n n o t  f u l l y  g u a r a n t e e  t h e  s t r u c t u r a l  i n t e g r i t y  of t h e  l a r g e  m i r r o r ,  
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they  should  provide a much firmer  basis  of  the  assumptions  used in 
the  analysis. 
10.2 Space Testing  of  Collector  Surface  Reflectance 
In-space measurements of reflector  surface degradation are 
needed to verify and correlate analytical predictions  and  the results 
of  ground  simulation  tests. 
A program to  define a space experiment  for  this purpose, 
"Study of a Flight Experiment of Solar-Concentrator Reflective  Surfaces" 
(Ref. 7-2), has  been recently completed. Based on the  desirability 
of space reflectance measurements, an actual  flight  experiment  seems 
imperative  if  the reliability of any reflectance-based solar  power 
system  is  to  be  determined with any certainty. 
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APPENDIX A 
SOLAR BEUYTON CYCLE  SPACE  POWER  SYSTEM 
ENVIRONMENTAL SPECIFICATION 
A . l  SCOPE 
T h i s  s p e c i f i c a t i o n  c o v e r s  t h e  a n t i c i p a t e d  e n v i r o n m e n t a l  c o n d i t i o n s  
l i s t e d  below to  which  the  Solar  Brayton  Cycle  Space  Power System and 
components s h a l l  be  des igned  to  wi ths t and  wi thou t  ma l func t ion  o r  pe r -  
formance  degradat ion.  
T h i s  s p e c i f i c a t i o n  d o e s  n o t  c o v e r  d e v e l o p m e n t  a n d / o r  a c c e p t a n c e  
tes t s  . 
E n v i r o n m e n t a l  c o n d i t i o n s  s p e c i f i e d  a r e  a p p l i c a b l e  t o  e a c h  o f  t h e  
components  and the complete  solar  space power system through manufac- 
t u r e ,   s t o r a g e ,   t r a n s p o r t a t i o n ,   l i f t - o f f ,   b o o s t ,   o r b i t ,   a n d   o r b i t a l  
t r a n s f e r .  
A .  2 ENVIRONMENTAL CONDITIONS 
A . 2 . 1  Sto rage   and   T ranspor t a t ion  
The  components  and t h e i r  a s s o c i a t e d  e q u i p m e n t  s h a l l  be 
capable  of  withstanding without  performance impairment  the fol lowing 
l o a d s  a p p l i e d  a l o n g  e a c h  o f  t h r e e  p e r p e n d i c u l a r  a x e s  o f  i t s  c o n t a i n e r  
A . 2 . 2  Shock  and V i b r a t i o n  
4g shock  wi th in  one  o f  t he  fo l lowing  times and  wave shapes :  
1 .  Tr i angu la r   pu l se   o f   10   mi l l i s econds  
2 .  Hal f - s ine   pu lse   o f  8 m i l l i s e c o n d s  
3 .  Rectangular   pu lse   o f  5 mi l l i s econds  
Vib ra t ion :  
2 - 1 0  cps  0.40 inch double   ampl i tude  
1 0  - 500 CPS 2 . 0  g peak 
A . 2 . 3  Launch,   L i f t -of f ,   Boos t  
The nonoperating system and components shal l  be  capab le  of 
wi ths tanding  wi thout  per formance  impai rment  the  fo l lowing  s imul taneous  
l a u n c h  l o a d s  a p p l i e d  a t  t h e  s y s t e m  m o u n t i n g  p o i n t s  a n d  i n  t h e  d i r e c t i o n s  
and  magn i tudes  spec i f i ed :  
1. Shock 
35g  shock  along  each of t h r e e  m u t u a l l y  p e r p e n d i c u l a r  a x e s  
w i t h i n  o n e  of t h e  wave shape  and  pulse  times i n  A . 2 . 2 ,  
above. 
2 .  V i b r a t i o n  
S inuso ida l  i npu t  app l i ed  a t  t he  sys t em moun t ing  po in t s  a long  
each  o f  t h ree  mutua l ly  pe rpend icu la r  axes  
16 - 100 CPS a t  6g peak 
100 - 180 CPS a t  0.0118' '   double  amplitude 
180  - 2000 CPS a t  19g  peak 
3 .   A c c e l e r a t i o n  
The nonoperat ing  system  and i t s  accessory  components  sha l l  
be  capable  of  wi ths tanding  the  fo l lowing  launch  acce lera-  
t i o n s  f o r  f i v e  m i n u t e s  d u r a t i o n :  
7g - a l o n g   b o o s t   v e h i c l e   l i f t - o f f   a x i s  . 
3g - a l o n g   b o o s t   v e h i c l e   l i f t - o f f   a x i s   i n   o p p o s i t e  
d i r e c t i o n .  
4 .5g - a l l  d i r e c t i o n s  i n  p l a n e  normal t o  l i f t - o f f  a x i s .  
4 .  Acoust ic   Noise 
The nonoperat ing  system  and i t s  components   shal l   be   capable  
o f  w i t h s t a n d i n g  t h e  i n d u c e d  v i b r a t i o n s  w h i l e  s u b j e c t e d  t o  
a n  a c o u s t i c  n o i s e  f i e l d  w i t h  a n  i n t e g r a t e d  l e v e l  of 148 db ,  
Re 0.0002 m i c r o  b a r .  
A .2 .4   Orb i t a l   Opera t ion  
The  equipment sha l l  be  des igned  to  be  capab le  of s t a r t u p  
a n d  c o n t i n u o u s  o p e r a t i o n  a t  r a t e d  power i n  e a r t h  o r b i t s  of f rom 300 to  
20 ,000  n a u t i c a l  miles w i t h o u t  m a l f u n c t i o n  f o r  1 0 , 0 0 0  h o u r s  t i m e .  
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A.2.4.1  Shock 
P r i o r  t o  s y s t e m  s t a r t u p  a n d  d e p l o y m e n t ,  t h e  
componen t s  sha l l  sus t a in  up  to  7g s h o c k  ( c o u r s e  c o r r e c t i o n )  a l o n g  
t h e  l i f t - o f f  o r  f l i g h t  a x i s  w i t h  one of  the wave  forms  and time 
d u r a t i o n s  i n d i c a t e d  i n  p a r a g r a p h  A . 2 . 2 .  
A .2 .4 .2   V ib ra t ion  
The system and components w i l l  s u s t a i n  v i b r a t i o n s  
i n  o r b i t  w h i l e  i n  o p e r a t i o n  of  0.25g  peak  over a f requency range of  5 
t o  2000 cps  for  a t ime  pe r iod  o f  f ive  minu tes  fo r  each  occur rence .  
A .2 .4 .3   Acce le ra t ion  
A.2.4.3.1  Undeployed 
The undeployed  system  and  components 
w i l l  s u s t a i n  a c c e l e r a t i o n s  o f  3 - 1 / 2 g  i n  o n e  d i r e c t i o n  a l o n g  t h e  l i f t - o f f  
a x i s ,  and  plus  or  minus lg i n  a l l  d i r e c t i o n s  i n  t h e  p l a n e  normal t o  t h e  
l i f t - o f f   a x i s .   T h e s e   a c c e l e r a t i o n s  w i l l  b e   s u s t a i n e d   i n d i v i d u a l l y   f o r  
a pe r iod  o f  f ive  minu tes  maximum fo r  each  occur rence .  
A.2.4.3.2  Deployed 
The deployed operat ing system w i l l  a l s o  
be r e q u i r e d  t o  b e  capab le  o f  sus t a in ing  a c o n t i n u o u s ,  u n i d i r e c t i o n a l  
a c c e l e r a t i o n   a r i s i n g   f r o m  a 4  rpm s p i n  r a t e  of t h e  s p a c e c r a f t .  The g 
load ing  on the  system  components w i l l  be  a f u n c t i o n  o f  t h e i r  r a d i a l  
l o c a t i o n   w i t h   r e s p e c t   t o   t h e   s p i n   a x i s .   F o r   t h e   p u r p o s e s   o f   t h i s  
a p p l i c a t i o n ,  t h e  c e n t e r l i n e  a x i s  o f  t h e  c o l l e c t o r  and  system i s  l o c a t e d  
a t  a r a d i u s  o f  3 3  f e e t  f r o m  t h e  s p i n  a x i s  a n d  e x p e r i e n c e s  a n  0 . 1 8 g  
a c c e l e r a t i o n .  
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APPENDIX B 
REFLECTANCE  MEASURTIMENTS AND SIMULATED  MICROMETEORITE  TESTS 
I n  1963, tes ts  were performed a t  NASA/Lewis t o  d e t e r m i n e  t h e  e f f e c t s  
o f   s imu la t ed   mic rometeo r i t e   f l uxes  on s e l e c t e d  r e f l e c t i v e  s u r f a c e s .  S i l i -  
c o n  c a r b i d e  p a r t i c l e s ,  a c c e l e r a t e d  b y  a shock tube,  were impinged on the 
t es t  s u r f a c e s .  R e s u l t i n g  d e g r a d a t i o n  i n  t o t a l  r e f l e c t a n c e  was then  meas- 
sured  and  w a s  found  to  be  h igh  when compared t o  a n a l y t i c a l  p r e d i c t i o n s  
b a s e d  o n  a v a i l a b l e  d a t a .  
To b e t t e r  u n d e r s t a n d  a n d  d o c u m e n t  t h e  e f f e c t s  i n d i c a t e d  b y  t h e s e  i n i -  
t i a l   e x p e r i m e n t s ,   a n o t h e r  series of   re f lec tance   samples  was t e s t e d .  These 
s a m p l e s ,  which were s u b m i t t e d  t o  NASA/Lewis f o r  t e s t i n g ,  were made from 
e l e c t r o f o r m e d  n i c k e l  s u b s t r a t e s  1 5 / 1 6  i n c h  i n  d i a m e t e r  a n d  a b o u t  0 . 0 6 0  
i n c h  t h i c k .  S u r f a c e  t o  b e  t e s t e d  were p r e p a r e d   i n   t h e   f o l l o w i n g   c a t e g o r i e s :  
1. 
2.  
3 .  
4 .  
5. 
6 .  
The 
Chemica l ly  depos i ted  s i l ve r ,  600 t o  1,OOOi 
Bare  e lectroformed  niclce 1 
Vacuum d e p o s i t e d :  chromium l O O i  , aluminum 1 , O O O A  
Vacuum d e p o s i t e d :  chromium l O O A  , s i l i c o n  monoxide 2,500A 
Vacuum d e p o s i t e d :  chromium 100b,o s i l i c o n  monoxide 2,5COL 
Vacuum d e p o s i t e d :  chromium l O O i y 0  s i l i c o n  monoxide  2,500i 
a luminum 1 OOOA 
a luminum 1 , OOOA 
aluminum l , C O O A ,  s i l i con   monoxide ,  20,OOOi 
r e f l ec t ance  measu remen t s  o f  t he  samples  be fo re  and  a f t e r  mic ro -  
m e t e o r i t e  t e s t i n g ,  as w e l l  a s  measurements  of  cont ro l  samples  re ta ined  
by EOS, are l i s t e d  i n  T a b l e  B - I .  F i g u r e  B - 1  shows  amples 1 and 3 from 
t h e  6 groups.  A t  EOS the   samples  were measured a t  0.625, 0 . 7 ,  and  1.0 
micron   wi th  a Beckman DU spectrophotometer.   Each  sample was measured 
a t  least  t h r e e  times. The measurement   g iven   in   an   average   o f   these  
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TABLE B - I  
REFLECTANCE MEASUREMENTS 
0 . 6 2 5 ~  TEST WAVELENGTH 
R e f l e c t a n c e  
Group  Sample  Before  After Loss Net 
Test Test R e f l e c t a n c e  
% % 
6 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
4 
1 
2 
3 
4 
9 8 . 1  
9 6 . 8  
9 7 . 2  
66.9 
66 .8  
66.7 
9 2 . 3  
9 1 . 6  
91 .9  
9 2 . 3  
9 3 . 1  
9 2 . 1  
8 1 . 5  
9 2 . 0  
92 .0  
79.9 
84.9 
69 .2  
61 .2  
8 4 . 1  
3 3 . 5  
8 1 . 6  
2 7 . 8  
63.0 
63.3 
21 .8  
86.6 
8 7 . 5  
4 1 . 6  
8 6 . 5  
36 .0  
86.9 
8 7 . 2  
77 .4  
4 3 . 3  
70 .0  
65.0 
8 3 . 5  
- 
64.6  48.7 
1 5 . 2  
39 .1   31 .4  
3 . 8  
3 . 4  
70.5 26 .5  
5 .0  
4 . 4  
50.7  47.2 
- 
5 . 6  
4 5 . 5   4 0 . 3  
5 . 1  
5 . 2  
2 . 5  
4 1 . 6   4 2 . 0  
(0 .8)  
(3  8) 
0 . 6  
Samples  : 
Sample 1 was t e s t e d  a t  NASA/Lewis .  Samples 2 ,  3 and 4 were c o n t r o l  
samples.  
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I -  
FIG. B - 1  REFLECTANCE  SAMPLES  BEFORE (-.3) AND 
AFTER (-. 1) MICROMETEORITE TESTING 
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TABLE B - I  
(c on t inued) 
1. Op TEST WAVELENGTH 
R e f l e c t a n c e  
Group  Sample  Before  After Loss N e t  
Test  Test 
% % 
Ref lec tance  
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
4 
1 
2 
3 
4 
9 8 . 5  
9 8 . 3  
9 8 . 6  
74 .6  
74.7 
73.9 
9 4 . 6  
9 4 . 3  
9 4 . 0  
94 .2  
94.3 
93 .2  
93 .1  
91.7 
9 1 . 5  
92.5 
32 .6  
83.9 
9 2 . 1  
8 5 . 0  
54 .5  
8 7 . 5  
2 9 . 6  
71.9 
71.5 
23 .0  
9 0 . 6  
90.9 
44.1 
9 1 . 5  
4 1 . 8  
88.9 
9 0 . 6  
9 2 . 6  
50.8 
83.1 
9 0 . 0  
83 .0  
- 
- 
44.0 65.6  
11.1 
- 
45.0  32.2 
2 . 8  
2 . 4  
71.6  26.4 
3.7 
3 . 1  
5 0 . 1   5 8
- 
1.7 
51 .3   3 0
2 . 8  
0 . 9  
(0.1) 
41 .8   2 4
0 . 8  
2 . 1  
2 .0  
2 00 
TABLE  B-I 
(continued) 
0.700~ TEST  WAVELENGTH 
Reflectance 
Group  Sample  Before  After Loss Net 
Test  Test  Reflectance 
% % 
6 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
4 
1 
2 
3 
4 
9 9 . 3  
9 9 . 8  
100.1* 
6 9 . 9  
6 9 . 9  
6 9 . 5  
9 1 . 1  
9 1 . 1  
9 0 . 2  
8 9 . 0  
89 .7  
8 8 . 8  
7 9 . 5  
8 9 . 2  
8 2 . 4  
8 1 . 6  
83 .0  
7 2 . 6  
6 5 . 5  
8 2 . 9  
4 0 . 5  
8 6 . 5  
2 9 . 2  
6 4 . 3  
6 5 . 0  
2 2 . 2  
8 6 . 0  
8 6 . 8  
4 2 . 5  
8 6 . 5  
3 3 . 4  
8 4 . 2  
8 3 . 8  
7 6 . 3  
4 6 . 2  
8 1 . 4  
7 9 . 4  
7 8 . 6  
- 
4 8 . 8   5 3 . 3  
1 3 . 3  
4 0 . 7   3 4 . 3  
5 . 6  
4 . 5  
6 8 . 9   2 6 . 4  
5 . 1  
3 . 4  
4 6 . 5   4 4 . 8  
2 . 3  
- 
4 6 . 1   6 . 0
5 . 0  
4 . 3  
( 1 . 4 )  
3 6 . 8   0 1
( 8 . 8 )  
( 1 3 . 9 )  
4 . 3  
*The 100.1 percent  silver  reflectance  measurement,  compared  with pub- 
lished  values,  indicates  that  the  experimental  error  was  in  the  order 
of f 0 . 6  percent. 
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t h ree   r ead ings .   Re f l ec t ance   measu remen t s  were made by the   goniometer  
method.  The 100 p e r c e n t  r e f l e c t a n c e  level was measured by p l a c i n g  
t h e  p h o t o c e l l  i n  l i n e  w i t h  t h e  s p e c t r o p h o t o m e t e r  beam. An aluminum 
s t a n d a r d  w a s  t h e n  r e f e r e n c e d .  T h i s  s t a n d a r d  was r e f e r r e d  t o  a f t e r  t es t -  
ing   each   sample .  The spectrophotometer  beam made an  ang le  o f  i nc idence  
o f   34   w i th   t he   r e f l ec t ive   su r f ace   and   t he   a luminum  s t anda rd .  
0 
The in i t i a l  r e f l ec t ance  measu remen t s  o f  Samples  1 t o  3, Groups 1 
through 4 ,  c o r r e l a t e d  c l o s e l y  w i t h  e a c h  o t h e r  a n d  w i t h  p u b l i s h e d  re-  
f l e c t a n c e  d a t a .  The maximum va r i a t ion  be tween  samples  wi th in  a group 
was 1 .3  percent ,  which  ind ica tes  the  reproducib i l i ty  be tween measurements  
and  coa t ing  samples .  
The i n i t i a l  r e f l e c t a n c e  v a r i a t i o n s  among samples within Groups 5 and 
6 were c a u s e d  b y  d i f f e r e n c e s  i n  t h i c k n e s s  o f  t h e  s i l i c o n  m o n o x i d e  o v e r -  
c o a t i n g .  The s i l i c o n  monoxide   overcoa t ing   ac ted   as  a s e l e c t i v e  s p e c t r a l  
f i l t e r .   V i s u a l   o b s e r v a t i o n   o f   t h e s e   s a m p l e s   i n d i c a t e d  a r ange   o f   co lo r s ;  
i . e .  , the  samples  wi th in  a group d id  not  have  maximum abso rp t ion  o f  t he  
same w a v e l e n g t h .   T h i s   o b s e r v a t i o n   c o r r e l a t e d   w i t h   t h e   r e f l e c t a n c e   m e a s -  
urements .  
The f i r s t  and second samples of each coating group were s e n t  t o  NASA/ 
Lewis  f o r  t e s t i n g .  The f i r s t  samples were e x p o s e d   t o  a h y p e r v e l o c i t y   c l o u d  
o f  s i l i c o n  c a r b i d e  p a r t i c l e s  b e t w e e n  2 and 14 microns in diameter which 
were a c c e l e r a t e d  i n  a 3 - inch  shock  tube  to  a v e l o c i t y  of 8,500 f t / s e c  . 
T h e s e  a r t i c l e s  were then  impacted  aga ins t  the  t e s t  samples a t  t h e  f o l l o w i n g  
l e v e l s  of k i n e t i c  e n e r g y :  
S amp le 
1-1 
Kinet ic  Energy  1 2 i T m i V  i 
0.70 j o u l e  
2-1 1 .21   j ou le s  
3 -1 
4-1 
1 . 4 2  j o u l e s  
0.66 j o u l e  
5-1 1 .09   j ou le s  
6 -1 1 . 2 2   j o u l e s  
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The tes t  procedure used was s i m i l a r  t o  t h a t  d i s c u s s e d  i n  t h e  NASA/ 
.Lewis TP 8 -63 ,  "Al t e ra t ion  o f  Sur face  Op t i ca l  P rope r t i e s  by  High  Speed  
M i c r o n   S i z e   P a r t i c l e s ' ' .  For t h e s e  tes ts ,  t h e   a v e r a g e   s i l i c o n   c a r b i d e  
p a r t i c l e  s i z e  was 6 . 3 5  m i c r o n s .  U s i n g  k i n e t i c  e n e r g y  a s  t h e  a p p r o p r i a t e  
i n d e p e n d e n t  v a r i a b l e  f o r  s c a l i n g  damage, a t es t  k i n e t i c  e n e r g y  o f  1 
j ou le  on  a 15116- inch  d isc  d iamter  i s  e q u i v a l e n t  t o  a nea r -ea r th  space  
of  about  8 months. 
The second and  th i rd  samples  of  each  group were u s e d  a s  c o n t r o l  
s a m p l e s  t o  e l i m i n a t e  t h e  e f f e c t s  o f  c o r r o s i o n  on t h e  r e s u l t s  o f  t h e  
exper iment .   F igures  B-2 through B-7 summar ize   the   d i f fuse   and   specular  
measurements made by both EOS and NASAILewis between the wavelength of 
0.625 and 15 microns.  
The 1 t o  15 -mic ron  specu la r  r e f l ec t ance  da t a  were d e r i v e d  by sub- 
t r a c t i n g   t h e   d i f f u s e   f r o m   t h e   t o t a l   r e f l e c t a n c e .  The NASA data   covered 
th i s  wave leng th  r ange .  
Re f l ec t ance  be tween  the  wave leng ths  o f  0 .02  to  1 micron i s  p a r t i c u  
l a r ly  impor t an t  s ince  abou t  75  pe rcen t  of t h e  t o t i l l  s o h r  i n t e n s i t y  i s  
r ep resen ted  3y  th i s  wave leng th  r eg ion .  
Low s p e c u l a r  a n d  h i g h  d i f f u s e  r e f l e c t a n c e  i n  t h e  0 to  1 -mic ron  r eg ion  
a r e  due to  su r face  roughness  caused  by  the  s imula t ed  mic rometeo r i t e  t e s t .  
Smz11 pi ts  a c t  a s  a d i f f u s e s  of low wavelengths and a r e f l e c t o r  t o  h i g h e r  
wavelengths .  
Some o f  t he  d i f f e rences  be tween  the  r e f l ec t ance  va lues  above  and  
below 1 micron a r e  31s;) :he to t i l?  d i f f e r e n c e s  til measurement   techniques.  
S e v e r s 1  r e a d i : l g s  a b o c  1 micron indicate s p e c l l l n r  r e f l e c t a n c e s  g r e a t e r  
than  100  percent .  
E lec t ro-Opt ica l  Sys tems re f lec tance  measurements  taken  on t h e  c o n t r o l  
samples  for  Groups 1 through 4 i n d i c a t e  a c o n s i s t e n t  l o s s  i n  r e f l e c t i v i t y  
due to   cor ros ion   and   ag ing   e f fec ts .   Cont ro l   samples   f rom  Groups  5 and G do 
n o t  show a s imi l a r  pa t t e rn .  Th i s  can  p robab ly  be  exp la ined  by  a f a c t  t h a t ,  
i n i t i a l l y ,  t h e  s i l i c o n  monoxide coat ings on these samples  were a b s o r b i n g  a t  
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d i f f e ren t  wave leng ths .  Ox ida t ion  and  wa te r  abso rp t ion  then  may have 
f u r t h e r  a l t e r e d  the a b s o r p t i o n  c h a r a c t e r i s t i c s  o f  t h e  s i l i c o n  monoxide 
p r o t e c t i v e  f i l m s .  
Elec t ro-Opt ica l  Sys tems re f lec tance  measurements  on t h e  t e s t e d  
samples were c o r r e c t e d  f o r  c o r r o s i o n  d e g r a d a t i o n  a s  m e a s u r e d  on t h e  
c o n t r o l  s a m p l e s ,  t o  y i e l d  t h e  n e t  r e f l e c t a n c e  v a l u e s .  
Compar ison  of  the  micrometeor i te  res i s tance  be tween coa t ing  groups  
i s  d i f f i c u l t  b e c a u s e  t h e  k i n e t i c  e n e r g y  o f  e a c h  t es t  v a r i e d  c o n s i d e r a b l y .  
However ,  the fol lowing prel iminary conclusions can be drawn  from t h e  
l imi ted  sampl ing:  
1. The r e f l e c t a n c e   o f   c h e m i c a l l y   d e p o s i t e d   s i l v e r  i s  s u p e r i o r  
(both  before  and  af te r  s imula ted  micrometeor i te  impingement )  
t o  a l l  o t h e r  c o a t i n g s ,  p r o v i d e d  t h e  s i l v e r  i s  p ro tec t ed  f rom 
chemica l  cor ros ion .  
2 .  The re f lec tance   o f   s i l i con   monoxide-pro tec ted   a luminum  coa t ings  
( a s  i n  Group 6)  i s  s u p e r i o r  t o  t h a t  o f  b a r e  e l e c t r o f o r m e d  n i c k e l ,  
b o t h  b e f o r e  a n d  a f t e r  m i c r o m e t e o r i t e  t e s t i n g .  The Group 6 c o a t -  
ing  had  a h i g h e r  n e t  r e f l e c t a n c e  a f t e r  t e s t i n g  t h a n  t h e  G r o u p  5 
c o a t i n g .  The r e l a t i v e  r e f l e c t a n c e s  were r e v e r s e d   b e f o r e  t es t -  
i n g .   T h i s  may i n d i c a t e  t h a t  t h e  t h i c k  s i l i c o n  monoxide  coating 
h a s  some a d v a n t a g e  i n  p r o t e c t i n g  t h e  c o l l e c t o r  s u r f a c e ,  p r o v i d i n g  
t h e  t h i c k n e s s  c a n  b e  c o n t r o l l e d  t o  y i e l d  maximum c o l l e c t o r  re- 
f l e c t a n c e   t h r o u g h o u t   t h e  miss ion .  
3 .  I t  i s  d i f f i c u l t  t o  compare t h e  r e l a t i v e  merits of  various  aluminum 
undercoa t ings  a s  l i s t e d  i n  Groups 3 and 4 ,  s i n c e  t h e  tes t  k i n e t i c  
energy   of   each   var ied ,   by  a f ac to r   o f   two .  The con t ro l   s amples ,  
however ,  indicate  that  the chromium-si l icon monoxide -aluminum 
c o a t i n g  s a n d w i c h  h a s  b e t t e r  c o r r o s i o n  r e s i s t a n c e  t h a n  t h e  chromium 
chromium-aluminum  sandwich. The p o s s i b i l i t y   o f   g a l v a n i c   c o u p l i n g  
between the chromium-aluminum  sandwich i n  Group 3 may e x p l a i n  t h i s .  
I n  Group 4 ,  t h e s e  m a t e r i a l s  a r e  s e p a r a t e d  b y  t h e  s i l i c o n  m o n o x i d e  
d i e l e c t r i c  c o a t i n g .  I n  c a l c u l a t i n g  t h e  n e t  r e f l e c t a n c e ,  it h a s  
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been  a s sumed  tha t  t he  co r ros ion  fo r  t he  t e s t ed  samples  was t h e  
same as tha t   i ncu r red   by   t he   con t ro l   s amples .   However ,   t he  
t e s t ed  samples  p robab ly  co r roded  f a s t e r  t han  the  con t ro l  sam- 
p l e s .  T h i s  may a c c o u n t  f o r  some o f  t h e  l a r g e  r e f l e c t a n c e  l o s s e s  
i n  t h e  0.625 t o  1.0 micron range measured a t  EOS r e l a t i v e  t o  
those measured a t  NASA/Lewis a t  s l i g h t l y  h i g h e r  w a v e l e n g t h s  a n d  
i m m e d i a t e l y  a f t e r  t h e  m i c r o m e t e o r i t e  t e s t i n g .  
Up to  wave leng ths  o f  1 mic ron ,  t he  the rma l  p rope r t i e s  o f  t he  
c o a t i n g  m a t e r i a l s  d o  not a p p e a r  t o  a f f e c t  s a m p l e  a r e a  d e -  
g r a d a t i o n  a s  o n e  m i g h t  e x p e c t  i f  a comparison were made between 
s o l i d  t a r g e t  d i s c s  made f r o m   t h e   c o a t i n g   m a t e r i a l s .  The t h i n -  
f i lm  mechan ica l  and  the rma l  p rope r t i e s  o f  t he  coa t ing  ma te r i a l s  
a r e  p r o b a b l y  more  dominant  than  the  bulk  thermal  proper t ies .  
The r e s u l t s  d e s c r i b e d  a b o v e  a s s u m e  t h a t  t h e  t o t a l  k i n e t i c  e n e r g y  
i s  t h e  a p p r o p r i a t e  i n d e p e n d e n t  v a r i a b l e .  
Whatever  the  independent  var iab le  should  b e ,  t hese  mic rometeo r i t e  
t e s t s  i n d i c a t e  t h e  i m p o r t a n c e  o f  t e s t i n g  r e f l e c t a n c e  d e g r a d a t i o n  i n  
space  a t  t h e  ear l ies t  p o s s i b l e  d a t e  t o  a c c u r a t e l y  p r e d i c t  t h e  l i f e  o f  
r e f l e c t i v e  s o l a r  power systems.  
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APPENDIX C 
MASTER GRINDING,  POLISHING, AND TESTING 
The p u r p o s e  o f  t h e  e x p e r i m e n t a l  g r i n d i n g ,  p o l i s h i n g ,  a n d  t e s t i n g  
phase  of  th i s  program w a s  t o  i n v e s t i g a t e  t e c h n i q u e s  a n d  m a t e r i a l s  w h i c h  
were amenable t o  t h e  f a b r i c a t i o n  o f  h i g h - a c c u r a c y ,  h i g h l y  s p e c u l a r ,  20- 
t o   3 0 - f o o t - d i a m e t e r   p a r a b o l o i d a l   c o l l e c t o r  masters. The i n v e s t i g a t i o n  
invo lved  3 major  areas: 
1.  The s e l e c t i o n  o f  a ma te r i a l   wh ich  i s  b e s t  s u i t e d  t o  t h e  
o p t i c a l  f i n i s h i n g  r e q u i r e d  o n  m a s t e r s  f o r  l a r g e  h i g h - p e r f o r m -  
ance  concen t r a to r s  
2 .  The s e l e c t i o n  o f  a fabr ica t ion   technique   which   maximizes   bo th  
c o l l e c t o r  s u r f a c e  a c c u r a c y  a n d  s p e c u l a r i t y  
3 .  Tes t ing   o f  two expe r imen ta l   co l l ec to r   mode l s  
W i t h  r e f e r e n c e  t o  2 and 3,  a b o v e ,  t h r e e  f a b r i c a t i o n  p r o c e s s e s  
were   cons idered  : 
1. Templa te   machin ing ,   g r ind ing ,   and   po l i sh ing  
2 .  Blade   g r inding   and   po l i sh ing  
3 .  P l a s t i c   o v e r l a y  
1. MATERIALS 
A high-per formance  e lec t roformed so lar  co l lec tor  must  be  made from 
an   accura te   specular   convex  master. The s u p e r s t r u c t u r e  o f  s u c h  a mas ter  
mus t  be  des igned  to  wi ths t and  the hydros ta t ic  loads  imposed  by  the  e lec-  
t r o f o r m i n g   p r o c e s s .   O n t o   t h i s   s u p e r s t r u c t u r e ,  a t r a n s i t i o n   b a s e  material ,  
such  a s  a f i l l e d  epoxy, i s  depos i t ed  to  min imize  the  the rma l  expans ion  
e f f e c t s   b e t w e e n   t h e   f i n a l   m a s t e r   c o a t i n g   a n d   t h e   s u p e r s t r u c t u r e .   F i n a l l y ,  
a master c o a t i n g  m a t e r i a l  i s  a p p l i e d  w h i c h  s h o u l d  i d e a l l y  h a v e  t h e  f o l -  
l o w i n g  f e a t u r e s :  
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A b i l i t y  t o  b e  p o l i s h e d  ( o r  i n  some o t h e r  way g iven  a h i g h  
s p e c u l a r  f i n i s h )  
R e s i s t a n c e  t o  c h e m i c a l  a t t a c k ,  a g i n g ,  a n d  a b r a s i o n  
Ease o f  a p p l i c a t i o n  
Therma l  expans ion  coe f f i c i en t  compa t ib l e  wi th  subs t ruc tu re  
H i g h  a d h e s i o n  t o  t h e  b a s e  m a t e r i a l  
Ease o f  r e p a i r  
H i s t o r y  o f  u s e  i n  s i m i l a r  a p p l i c a t i o n s  
Mater ia l s   Types  
T h r e e  b r o a d  m a t e r i a l s  c l a s s e s  c a n  b e  c o n s i d e r e d  f o r  l a r g e  
20- t o   3 0 - f o o t - d i a m e t e r   c o l l e c t o r  masters: g l a s s ,  metal, a n d   p l a s t i c .  
Though ground and polished glass masters have  been  used  successfu l ly  
f o r  r e p l i c a t i n g  m i r r o r s  up t o  5 f e e t  i n  diameter,  t h e y  are not  econom- 
i c a l l y  f e a s i b l e  i n  l a r g e r  s i z e s ,  b a s e d  o n  p r e s e n t l y  a v a i l a b l e  t e c h -  
nology  ( see   Subsec t ion  4 .1 ) .  S i n c e  t h e  r i s k  of g lass   mas ter   b reakage  
d u r i n g  p l a t i n g  i s  h igh ,  t he  advan tages  o f  g l a s s  do n o t  p r e s e n t l y  
war ran t  fund ing  to  advance  the  a r t  o f  p roduc ing  l a rge -d iame te r  g l a s s  
m a s t e r s .  A l t e r n a t i v e l y ,  e i t h e r  p l a s t i c  o r  metal can   be   u sed   fo r   l a rge  
c o n c e n t r a t o r   m a s t e r s .  The comparat ive  advantages of p l a s t i c   a n d  metal 
as mas ter  materials are given below: 
P las t ic  Advantages  
1. Low c o s t  
2 .  S h o r t   f a b r i c a t i o n  time 
Metal Advantages 
1 .  High   hardness   and   sc ra tch  
r e s i s t a n c e  
3 .  Light   weight  2 .  High s t r e n g t h  
4 .  E a s i l y   r e p a i r a b l e  3. Low thermal   expansion c o e f f i c i e n t  
5 .  Good c o r r o s i o n   r e s i s t a n c e  
6 .  E a s i e r   p r t i n g   o f   r e p l i c a t i v i t y  
4 .  High   e l ec t r i ca l   conduc-  
To date ,  t he  advan tages  o f  p l a s t i c s  s eem to  ou twe igh  those  o f  me ta l s  a s  
master s u r f a c e  m a t e r i a l s .  
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1 . 2   P l a s t i c s  
S e v e r a l  t y p e s  o f  p l a s t i c s  o f f e r  many o f  t he  advan tages  
d e s i r e d  f o r  a l a r g e  d i a m e t e r  c o l l e c t o r  master material .  These 
i n c l u d e  : 
1. A c r y l i c  
2 .   P o l y e s t e r  
3 .  D i a l l y l   p h t h a l a t e - b a s e d   p o l y e s t e r  
4 .  Epoxy 
The a c r y l i c  a n d  d i a l l y l - b a s e d  materials are wide ly  used  fo r  refract ive 
p l a s t i c  o p t i c s  a n d  h a v e  g o o d  t r a n s m i s s i o n  a n d  p o l i s h i n g  c h a r a c t e r i s t i c s .  
P o l y e s t e r  r e s i n s  h a v e  b e e n  u s e d  i n  p r e v i o u s  EOS master s t u d i e s ,  a n d  
epoxy res ins  are used  ex tens ive ly  by  EOS i n  t h e  p r o d u c t i o n  o f  o p t i c a l  
q u a l i t y  r e f l e c t i v e  s u b m a s t e r s  a n d  r e p l i c a s .  
1 .3  Exper imen ta l   P l a s t i c s  
The g r i n d i n g  a n d  p o l i s h i n g  e x p e r i m e n t s  i n  t h i s  s t u d y  were 
made on a p o l y e s t e r  r e s i n  w i t h  a h i g h  s t y r e n e  monomer content  and an 
epoxy EPON 828 resin and diethyl  amino propylamine (DEAPA) hardening 
a g e n t .  P l a s t i c  o v e r l a y  s t u d i e s  were made w i t h  t h e  p o l y e s t e r  r e s i n .  
1 .4  Applicat ion  Methods 
To a c h i e v e  maximum mas te r  specu la r i ty  and  accu racy ,  t he  
p l a s t i c   su r f ace   mus t   be   vo id - f r ee   and   homogeneous .   Three   app l i ca t ion  
methods,   amenable  both  to small and 20- t o  3 0 - f o o t - d i a m e t e r  c o l l e c t o r  
m a s t e r s ,  were used i n  s u r f a c i n g  t h e  2 - f o o t  e x p e r i m e n t a l  masters: 
1. Cas t ing  
2 .   P l a s t i c   o v e r l a y  
3 .  Flow  coa t ing  
I n  t h e  c a s t i n g  p r o c e s s ,  t h e  p l a s t i c  s u r f a c e  l a y e r  is cast  
between a matched mold consis t ing of  a convex  su r face  ( the  rough ly  
g round   base   ma te r i a l   o f   t he  master) and a concave   su r f ace .  One 1 /4- inch  
epoxy   su r f ace   l aye r  was c a s t  u s i n g  a concave   p las te r   mold .  The para-  
bo lo ida l  su r f ace  o f  t h i s  concave  mold  was g e n e r a t e d  b y  s p i n  c a s t i n g  t h e  
p l a s t e r   b e f o r e   a n d   d u r i n g   c u r i n g .  However, t h e  r e s u l t a n t  mold was 
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r e l a t i v e l y  r o u g h .  The p l a s t e r  s u r f a c e  was c o a t e d  w i t h  several release 
l a y e r s  t o  p r e v e n t  a d h e s i o n  t o  t h e  m o l d  a n d  water contaminat ion  of  the  
epoxy by t h e  p l a s t e r .  The c a s t  s u r f a c e  was r e l a t i v e l y  r o u g h  d u e  t o  
the   mo ld .   E l imina t ing   t h i s   roughness   r equ i r ed   cons ide rab le   g r ind ing  
t ime. Also, numerous  bubbles  and  gas  pockets i n  t h e  p l a s t i c  r e s u l t e d  
f rom  wa te r   i nc lus ions   and   o the r   ca s t ing   de fec t s .   These   vo ids   caused  
many s u r f a c e  p i t s  i n  t h e  f i n a l  p o l i s h i n g  s t a g e s  a n d  a c t e d  a s  n u c l e i  
f o r  stress c r a c k s .  
I n  t h e  p l a s t i c  o v e r l a y  t e c h n i q u e ,  a p l a s t i c  s h e e t  ( n o r m a l l y  
f l a t )  i s  c a s t  t o  a uniform  thickness   and c u r e d .  I f  t h e  p l a s t i c  c a s t i n g  
i s  made a g a i n s t  a h i g h l y  s p e c u l a r  u n i f o r m  s u r f a c e ,  s u c h  as p o l i s h e d  
p l a t e  g l a s s ,  a n d  i f  t h e  d r a p i n g  i s  pe r fo rmed  wi th  ca re ,  t he  ove r l ay  
s u r f a c e  f o r m s  t h e  f i n i s h e d  master w i t h o u t  r e q u i r i n g  f u r t h e r  p o l i s h i n g .  
An o v e r l a y  master was made by bonding a c a s t  p o l y e s t e r  s h e e t  t o  t h e  
ground epoxy subs t ra te  us ing  RTV s i l i c o n e  r u b b e r  (room tempera ture  
v u l c a n i z i n g  a d h e s i v e ) ,  RTV pr imer ,   and  mechanical   roughening  of   the 
mat ing   bonded   sur faces .   This   method  of   apply ing   the   p las t ic   mas ter  
s u r f a c e  was s u p e r i o r  t o  t h e  o t h e r  two a l t e r n a t i v e  m e t h o d s .  
I n  t h e  f l o w  c o a t i n g  t e c h n i q u e ,  l i k e  t h e  c a s t i n g  t e c h n i q u e ,  
t h e   p l a s t i c   c o a t i n g   c u r e s   o n   t h e   m a s t e r .  However, s i n c e   t h e r e  i s  no 
e n c l o s e d  m o l d  t o  r e s t r a i n  t h e  g r a v i t y  f l o w  o f  t h e  p l a s t i c ,  t h e  p l a s t i c  
must  be qui te  viscous and must  be cont inuously worked with a squeegee 
o r  t e m p l a t e  u n t i l  t h e  p l a s t i c  h a s  c u r e d  s u f f i c i e n t l y  t o  c e a s e  f l o w i n g .  
Severa l  f low-coated  epoxy layers  were  appl ied  but  were not  comple te ly  
s a t i s f a c t o r y  f o r  two r e a s o n s :  
1. Adhes ion   o f   t he   epoxy   t o   t he   subs t r a t e  was poor   because   the  
epoxy d id  not  w e t  t h e  s u b s t r a t e ,  o r  t h e  s u b s t r a t e  was 
imprope r ly   coa ted   w i th   an   adhes ion -p romot ing   ma te r i a l .  Due 
t o  t h i s  p o o r  a d h e s i o n ,  a l a r g e  number o f  v o i d s  r e s u l t e d .  
2 .  The s u c c e s s i v e   l a y e r s   o f   p l a s t i c   d i d   n o t   b l e n d  w e l l .  The 
gr inding  and  pol i sh ing  of  these  layers  deve loped  numerous  
t r a n s i t i o n  z o n e s .  
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The un i fo rmi ty  and  bubb le  p rob lems  a s soc ia t ed  wi th  th i s  
method e l imina te  i t  as a p r a c t i c a l  master c o a t i n g  a p p l i c a t i o n  m e t h o d .  
2 .  FABRICATION  METHODS AND RESULTS 
A l l  master f a b r i c a t i o n  t e c h n i q u e s  i n v o l v e  t h e  i n i t i a l  f a b r i c a t i o n  
o f  an  approx ima te ly  pa rabo lo ida l  shape  upon  which  the  f ina l  g r ind ing ,  
ca s t ing ,  d rap ing ,  sp inn ing ,  o r  mach in ing  ope ra t ions  are performed. 
Three methods were e x p e r i m e n t a l l y  i n v e s t i g a t e d  d u r i n g  t h i s  p r o g r a m :  
1. Cam-template   generat ion 
2 .  B lade   g r ind ing   and   po l i sh ing  
3 .  P l a s t i c   o v e r l a y  
2 . 1  Cam-Template Genera t ion  
The i n i t i a l  g r i n d i n g  a n d  p o l i s h i n g  work on th i s  program 
involved  the  cam-template  master gene ra t ion   approach .  However, c e r t a i n  
geometr ic  and  mechanica l  de ta i l s  of the  machine  caused  per iodic  groov-  
ing   and   dev ia t ion   f rom a p a r a b o l o i d .  I n v e s t i g a t i o n  o f  t h e s e  d i f f i c u l t i e s  
i n d i c a t e d  t h a t  t h e  e x i s t i n g  e x p e r i m e n t a l  e q u i p m e n t  was i n a d e q u a t e  t o  
p r o d u c e  t h e  d e s i r e d  master c o n t o u r  a n d  s u r f a c e  f i n i s h .  To avoid  redun-  
dancy,  this  work was te rmina ted  when a template machine was s e t  up on 
another  program for  gr inding  and  pol i sh ing  mas ters  for  10- foot  pe ta l  
m i r r o r s .  
A l though  an  en t i r e  2 - foo t  master s u r f a c e  was no t  po l i shed  by  
the  cam- templa t e  approach ,  t he  po l i sh ing  o f  several   2- inch-wide  zones 
i n d i c a t e d  t h a t ,  w i t h  s u f f i c i e n t  m e c h a n i c a l  r e v i s i o n ,  a c c e p t a b l e  m a s t e r  
su r f aces   cou ld   be   p roduced .   Resu l t s   o f   t he   pe t a l   mas te r   po l i sh ing   p ro -  
gram v e r i f i e d  t h i s  a s s u m p t i o n .  
2 . 2  Blade  Grinding  Generat ion 
F igure   4 -5   (4150-Fina l   Repor t ,   Sec t ion  4 )  shows t h e   b l a d e  . 
grinding  assembly  mounted  on a r o t a r y  s p i n d l e .  The machine w a s  f i t t e d  
w i t h  limit swi tches  a t  the  ends  o f  t he  bea r ing  gu ide  ra i l  t o  f a c i l i t a t e  
au tomat i c   r eve r sa l   o f   t he   b l ade   mo t ion  a t  the  end  of  t ravel .  The 
v a r i a b l e - s p e e d  s p i n d l e  d r i v e  r o t a t e s  f r o m  0 t o  60 rpm a n d  t h e  v a r i a b l e -  
speed traverse p e r m i t s  b l a d e  traverse rates from 0 t o  300 inches  pe r  
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minute.  The s p i n d l e  r o t a t i o n  i s  r e v e r s i b l e  so t h a t  t h e  b l a d e  wear can 
b e  r e l a t i v e l y  u n i f o r m .  In p r a c t i c e ,  t h e  s p i n d l e  r o t a t e s  b e t w e e n  10 
and 25 rpm and  the  b l ade  traverses a t  between 50 and 200 inches per  
minute ,  depending on the phase of g r i n d i n g  o r  p o l i s h i n g .  
2 .2 .1   Blades 
The b l a d e s  u s e d  i n  g e n e r a t i n g  t h e  p a r a b o l o i d a l  masters 
a r e  i n i t i a l l y  r o u g h l y  sawed t o  t h e  a p p r o x i m a t e  p a r a b o l i c  s h a p e  d e s i r e d  
a n d  f i l e d  t o  remove b u r r s .  B lades  have  been made f rom  brass ,   po lyvinyl -  
c h l o r i d e  (PVC), a n d  a c r y l i c  p l a s t i c .  
The q u a r t e r - h a r d  b r a s s  b l a d e s  were 25  inches  w i d e  by 
1/8 i n c h  t h i c k .  T h e  r i g i d i z e d  PVC blade  was 25 inches   wide  by 1 / 2  i n c h  
t h i c k  a n d  t h e  a c r y l i c  b l a d e  was 25 inches  wide  by 3/8 i n c h  t h i c k .  I n  
o p e r a t i o n ,   t h e   b l a d e s   g r i n d   i n t o   p a r a b o l i c   c u r v e s .  The edge  contour  
o f  t h e  b l a d e  i s  s u c h  t h a t  a n y  p l a n e  p a r a l l e l  t o  t h e  l o n g  f a c e s  o f  t h e  
b l a d e  i n t e r s e c t s  a p o r t i o n   o f   t h e  same p a r a b o l a .   I n   c r o s s   s e c t i o n ,   t h e  
b l a d e  a t  any  po in t  i s  convex  and  symmetr ica l  about  the  ax is  of r o t a t i o n .  
Brass  b lades  abraded  excess ive ly  due  both  to  the  hard-  
n e s s  of t h e  b l a d e  a n d  t h e  t e n d e n c y  o f  t h e  b r a s s  t o  s l i ve r  o f f  t he  edge .  
These  brass  s l ivers  c a u s e d  e x c e s s i v e  s c r a t c h i n g  o f  t h e  master s u r f a c e  
i n  f i n e  g r i n d i n g  s t a g e s .  T h i s  i n i t i a t e d  u s e  o f  p l a s t i c  b l a d e s  s u c h  a s  
PVC a n d  a c r y l i c .  The PVC b l a d e  g r o u n d  i n  q u i c k l y ,  b u t  o f t e n  t e n d e d  t o  
l e a v e  a r e s i d u a l  d e p o s i t  o n  t h e  m a s t e r  a n d  a p p a r e n t l y  a b r a d e d  i n  l o n g  
f i b e r s .  Though t h i s  b l a d e  d i d  n o t  s c r a t c h  t h e  m a s t e r  s u r f a c e s  i n  f i n e  
g r i n d i n g  s t a g e s ,  t h e  b l a d e  c o n t o u r  w a s  never  i d e a l ,  poss ib ly  because  
of  i t s  f i b r o u s   c o n s i s t e n c y .  The low t h e r m a l   d i s t o r t i o n   p o i n t  o f  PVC 
may a l s o  h a v e  t e n d e d  t o  c a u s e  some of the  con tour  and  wear problems. 
The ac ry l i c  b l ade  worked  we l l  unde r  g r ind ing  and  rough  
p o l i s h i n g  p h a s e s .  Wear appea red  to  be  qu i t e  un i fo rm wi th  a good  blade 
c o n t o u r .  No s c r a t c h i n g   r e s u l t e d .   I n   t h e   p o l i s h i n g   s t a g e s   t h e   b l a d e  
was c o v e r e d  w i t h  f e l t ,  p o l i s h i n g  p a p e r ,  o r  v i n y l  t a p e ,  a c c o r d i n g  t o  t h e  
type  o f  po l i sh ing  agen t  be ing  used .  
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2 .2 .2  Gr ind ing   and   Po l i sh ing   Ma te r i a l s  
The f o l l o w i n g  g r i n d i n g  a n d  p o l i s h i n g  m a t e r i a l s  were 
used i n  g e n e r a t i n g  a p o l i s h e d  p a r a b o l o i d a l  master: 
8 0 - g r i t  s i l i c o n  c a r b i d e  
1F s i l i c o n  c a r b i d e  
2F s i l i c o n  c a r b i d e  
3F s i l i c o n  c a r b i d e  
Aluminum oxide  
Cesium oxide  
Rouge 
M e g u i a r ' s  m i r r o r  g l a z e  
M e g u i a r ' s  p l a s t i c  c l e a n e r  
These gr inding and pol ishing compounds,  with the 
e x c e p t i o n  o f  t h e  l a s t  two l i s t e d ,  a r e  s t a n d a r d  i n  o p t i c a l  f a b r i c a t i o n .  
The Meguiar ' s  compounds c o n t a i n e d  a h i g h  p o r t i o n  o f  f a t t y  a c i d  v e h i c l e  
which  gave a f a l s e  s p e c u l a r i t y  t o  t h e   p l a s t i c   m a s t e r .   B e c a u s e   o f   t h e s e  
waxy f i n i s h e s ,  t h e  l a s t  e x p e r i m e n t s  w e r e  r u n  w i t h  t h e  more s t a n d a r d  
o p t i c a l  p o l i s h i n g  a g e n t s .  The o t h e r  compounds were u s e d  w i t h  e i t h e r  a 
w a t e r  o r  a w a t e r  a n d  g l y c e r i n e  v e h i c l e .  
2 .2 .3   Repai rs  
V a r i o u s  d e f e c t s  i n  t h e  e p o x y  master s u r f a c e s  n e c e s s i -  
t a t e d  l o c a l i z e d  r e p a i r s .  The v o i d s   p r o d u c e d   i n   b o t h   t h e   c a s t i n g   a n d  
f l o w - c o a t i n g  l a y e r s  a c t e d  a s  n u c l e i  f o r  s t r e s s  c r a c k s  a n d  r e s e r v o i r s  
for   g r ind ing   and   po l i sh ing   compounds .  To i n s u r e  t h a t  no g r i n d i n g  
compounds w e r e  c a r r i e d  o v e r  i n t o  t h e  p o l i s h i n g  p h a s e s ,  i t  was neces-  
s a r y   t o   f i l l   t h e   v o i d s .   I n a d v e r t e n t l y ,   t h e   t h e r m a l   s h o c k   c a u s e d  by 
rap id ly  evapora t ing  so lvent  caused  one  a rea  of  the  epoxy master t o  
c r a c k .  The c r a c k s  a n d  o t h e r  d e f e c t s  were pa tched  wi th  a r e s i n  s y s t e m  
which  had a s h o r t e r  c u r e  l i f e  a n d  g r e a t e r  e x o t h e r m  t h a n  t h e  o r i g i n a l  
ca s t ing   sys t em.   Th i s   caused  a d i f f e r e n c e   i n   f i n a l   p a t c h   h a r d n e s s  
r e l a t i v e  t o  t h e   o r i g i n a l   m a t e r i a l .   D u r i n g   t h e   g r i n d i n g   a n d   p o l i s h i n g  
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p h a s e s ,  t h i s  d i f f e r e n c e  i n  re la t ive  ha rdness  caused  r idges  on  the  
master which were a l s o  v i s i b l e  o n  t h e  e l e c t r o f o r m e d  r e p l i c a .  (A 
r e p l i c a  i s  d e f i n e d  as a nega t ive  copy  o f  a p o s i t i v e  master and i s  
synonymously  used  for   the  word  "col lector" . )   These  r idges  demonstrate  
t h a t  a l t h o u g h  t h e  p l a s t i c  c a n  b e  e a s i l y  p a t c h e d ,  t h e  p a t c h i n g  m a t e r i a l  
should  have  the  same p r o p e r t i e s  as t h e  m a t e r i a l  b e i n g  r e p a i r e d .  
2 . 2 . 4  Repl i ca t ion   o f   B lade   F in i shed  Masters ~ . - ~"-
The f i r s t  e l e c t r o f o r m e d  r e p l i c a  ( c o l l e c t o r  2 - 1 )  was 
made f rom the  b l ade -g round  and  po l i shed  po lyes t e r  su r f ace ,  wh ich  was 
t h e  i n i t i a l  m a s t e r  c o a t i n g .  T h i s  master was 24 i n c h e s  i n  diameter and 
had  about a 60 r i m  a n g l e .  Due to   t he   h igh   sheen   p rov ided   by   t he  waxy 
p o l i s h i n g  materials used ,   phonograph   type   defec ts ,   resu l t ing   f rom 
improper  blade material and blade mechanism weight ,  were no t  appa ren t  
u n t i l  t h e  master was tho rough ly  c l ean .  When t h e  m a s t e r  was r e p l i c a t e d ,  
t h e  p l a t i n g  t e m p e r a t u r e  was 140 F, which  approaches  the  sof ten ing  poin t  
o f   t he   po lyes t e r   su r f ace .   S ince   t he   po lyes t e r   had   been   i n i t i a l ly   depos -  
i t e d  on a g rooved  epoxy  subsu r face ,  t he  h igh  t empera tu re  p l a t ing  ba th  
c a u s e d  t h e  p o l y e s t e r  t o  b e  stress r e l i e v e d  a n d  t o  t e l e g r a p h  t h e  g r o o v e d  
epoxy  subsur face .  The r e s u l t i n g   c o l l e c t o r   l o o k e d   l i k e  a f r e s n e l   l e n s  
w i t h  f a c e t s  a b o u t  1 /16  i n c h  w i d e ,  t h e  p i t c h  diameter of  the screw used 
t o  g r o o v e   t h e   f i l l e d   e p o x y   s u b s u r f a c e .   T h i s   r e p l i c a t i o n  was n o t  t e s t e d .  
Subsequent masters made wi th  epoxy and  draped  polyes te r  sur faces  were 
r e p l i c a t e d  a t  a lower  tempera ture .  
0 
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The n e x t  b l a d e  g r i n d i n g  a n d  p o l i s h i n g  was performed on 
the   ca s t   and   f l ow-coa ted   epoxy   l aye r s .   These   su r f aces  were e a s i l y  
g r o u n d  b u t  w e r e  d i f f i c u l t  t o  p o l i s h  u s i n g  t h e  a v a i l a b l e  b l a d e  m a t e r i a l s  
and r e l a t i v e  m o t i o n  o f  t h e  b l a d e  g r i n d e r .  I n  s t a n d a r d  g r i n d i n g  a n d  
p o l i s h i n g  t e c h n i q u e s ,  t h e  f i n a l  p o l i s h i n g  i s  done w i t h  a random  motion 
o v e r a r m .   I n   t h e   b l a d e   g r i n d e r ,   t h e   r e g u l a r   r e l a t i v e   m o t i o n  of t h e   b l a d e  
a n d  t h e  m a s t e r  p r o d u c e  s p i r a l  p a t h s  i n  t h e  g r i n d i n g  a n d  p o l i s h i n g  p h a s e s .  
Because the blade machine was no t  equ ipped  wi th  a pol ishing overarm,  and 
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s i n c e  t h e  master weight  was m o r e  t h a n  a v a i l a b l e ,  p o l i s h i n g  s p i n d l e s  
c o u l d  c a r r y  e a s i l y ,  t h e  maximum s u r f a c e  p o l i s h  a t t a i n a b l e  w i t h  a n  
epoxy  sur face  was n o t   a c h i e v e d .  Also, de fec t s   caused  by r idges   where  
c r a c k s  h a d  b e e n  r e p a i r e d ,  l o c a l l y  d i s t o r t e d  t h e  c o l l e c t o r  s u r f a c e .  
The maximum c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  f o r  t h i s  c o l l e c t o r  (2-2), 
us ing  a c o l d  c a l o r i m e t e r  a n d  n e g l e c t i n g  m i r r o r  o b s c u r a t i o n ,  was about  
50 p e r c e n t .  P o o r  s i l v e r i n g  o f  t h e  master due t o  i m p r o p e r  c l e a n i n g  
a l s o  d e c r e a s e d  t h e  e f f i c i e n c y .  
D u r i n g  t h e  f a b r i c a t i n g  o f  c o l l e c t o r  2-2 ,  t h e  a c c u r a c y  
o f  t h e  b l a d e  g r i n d i n g  p r o c e s s  i n  f i n e  g r i n d i n g  s t a g e s  was checked by 
compar ing   the   parabol ic   curve   o f   the   b lade   wi th  a t r u e  p a r a b o l a .  The 
b l ade   ma tched   t he   pa rabo lo id   con tour   w i th in  0.001 i n c h .  The d e v i a t i o n  
o f  the blade from a t r u e  p a r a b o l a  w a s  less t h a n  0.002 i nch  ove r  a 
6 - i n c h   r a d i u s .   T h i s   c o r r e s p o n d s   t o  a s u r f a c e   e r r o r   o f  1 minute   of  
a r c .  T h i s  g e n e r a l  a c c u r a c y  c o r r e l a t e s  w i t h  t h e  a c c u r a c y  of t h e   b l a d e -  
g r o u n d  6 0 - i n c h  g l a s s  s e a r c h l i g h t  m i r r o r s  made p r i o r  t o  and during 
World War 11. 
An add i t iona l  b l ade -g round  and  po l i shed  mas te r  was 
made us ing  a p o l y e s t e r   p l a s t i c   o v e r l a y - s u r f a c e d ,  55 r i m  angle ,   convex 
master a s  a s t a r t i n g  p o i n t .  T h i s  master was l i g h t  enough t o  f i n i s h  
on a s t a n d a r d  o p t i c a l  s p i n d l e .  Though t h e  f i n i s h  was much s u p e r i o r  
t o  t h a t  a c h i e v e d  p r e v i o u s l y ,  m a x i m u m  p r a c t i c a l  s u r f a c e  s p e c u l a r i t y  
was no t  ach ieved  due  to  l imi t ed  time and a p o l i s h i n g  t o o l  o f  m a r g i n a l  
q u a l i t y .  
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The r e p l i c a  made from th is  m a s t e r  ( c o l l e c t o r  2-3)  
p roduced   encourag ing   r e su l t s   ( s ee   F ig .  C-1). The  lower   curve   represents  
t h e  c o l l e c t o r  w i t h  a n  i m p r o p e r l y  a p p l i e d  p r o t e c t i v e  s i l i c o n e  c o a t i n g .  
The u p p e r  c u r v e  r e p r e s e n t s  t h e  e f f i c i e n c y  o f  t h e  c o l l e c t o r  a f t e r  s t r i p -  
p i n g   t h i s   c o a t i n g .   C o l l e c t o r  2-5, discussed  below,  showed  almost  no 
e f f i c i e n c y  loss when p r o p e r l y  c o a t e d  w i t h  t h e  same s i l i c o n e .  S i l v e r  
s a m p l e s  p r o p e r l y  c o a t e d  w i t h  t h e  s i l i c o n e  showed less than  1 pe rcen t  
r e f l e c t a n c e  loss a f te r  c o a t i n g ,  as m e a s u r e d   a t  5,500i .  Repl ica  2-3 
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a l s o  e x h i b i t e d  a p o o r  s i l v e r  s u r f a c e  due to  improper  master c l e a n i n g .  
The r e s u l t a n t  d a r k e n e d  s i l v e r  s u r f a c e  may have  dec reased  the  co l l ec to r -  
a b s o r b e r  e f f i c i e n c y  a5 much as 5 p e r c e n t .  The maximum e f f i c i ency ,  wh ich  
i s  a l w a y s  l e s s  t h a n  t h e  s u r f a c e  r e f l e c t a n c e ,  e x c e e d s  t h e  d e s i g n  r e f l e c -  
t ance   p roposed   fo r   t he   Bray ton   cyc le   co l l ec to r  by 1 p e r c e n t .   A l s o ,   f o r  
a c o n c e n t r a t i o n  r a t i o  a p p r o a c h i n g  t h a t  o f  t h e  3 0 - f o o t  c o l l e c t o r  d e s i g n  
w i t h  a n  8 - i n c h  c a v i t y  a p e r t u r e  d i a m e t e r ,  ( 2 0 2 5 )  n e g l e c t i n g  o b s c u r a -  
t i o n ,  c o l l e c t o r  2-3 meets t h e  e f f i c i e n c y  d e s i g n  s p e c i f i c a t i o n s  p r o -  
posed by EOS. On t h e  b a s i s  of these  model  t e s t s ,  fur ther   improvements  
are p o s s i b l e  i n  t h e  areas of p o l i s h i n g  and  chemica l  s i l ve r  app l i ca -  
t i o n s .  
S i l i c o n e - p r o t e c t e d  s i l v e r  s a m p l e s  w i t h s t o o d  a n  ammon- 
ium s u l f i d e  a t m o s p h e r e  w i t h o u t  v i s i b l e  t a r n i s h i n g ,  w h i l e  u n c o a t e d  
samples   comple te ly   t a rn ished   dur ing   the  same t i m e .  A l so ,  c o l l e c t o r  
2 - 3  w i t h s t o o d  s e v e r a l  m o n t h s  o f  s t o r a g e  a n d  p r e l i m i n a r y  t e s t i n g  b e f o r e  
t h e  f i n a l  t e s t s  w e r e  r u n .  
2 . 3   P l a s t i c   O v e r l a y  
2 . 3 . 1   S u b s t r a t e  
The blade-ground and polished epoxy 2-foot master was 
u s e d  a s  a n  a c c u r a t e  s u b s t r a t e  f o r  t h e  f i r s t  p l a s t i c  o v e r l a y - f o r m e d  
m a s t e r .   I n   a c t u a l   p r a c t i c e ,   o n e   n e e d   o n l y   c a r r y   t h e   g r i n d i n g   o p e r a -  
t i o n s  ( b y  e i t h e r  b l a d e  o r  c a m - t e m p l a t e )  t o  t h e  f i n e  g r i n d i n g  s t a g e  t o  
p r o v i d e  s u f f i c i e n t  s t r u c t u r a l  g e o m e t r y  t o  p e r f o r m  t h e  o v e r l a y  p r o c e s s .  
2.3.2  Technique 
A p o l y e s t e r  s h e e t  w a s  cas t  be tween 2 s h e e t s  o f  o p t i c -  
a l l y  p o l i s h e d  p l a t e  g l a s s  u s i n g  a s i l i c o n e  r e l e a s e  a g e n t .  A f t e r  t h e  
polyes te r  had  thoroughly  cured ,  i t  was s t r i p p e d  f r o m  t h e  p l a t e  g l a s s  
and   p laced   over   the   p repared  master s u b s t r a t e .  The m a s t e r  s u r f a c e  
w a s  formed by s t r e t ch ing  the  po lyes t e r  shee t  ove r  t he  convex  pa rabo-  
l o i d a l  s u b s t r a t e .  Hot water and  weights  were  used  to  form the  p las t ic .  
Once t h e  p l a s t i c  had  been  formed t o  s h a p e ,  RTV adhes ive ,  RTV pr imer ,  
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and  su i t ab le  mechan ica l  roughen ing  were u s e d  t o  bond t h e  p o l y e s t e r  
s h e e t  t o  t h e  s u b s t r a t e .  The composi te  was then  vacuum-bagged  while 
t h e  a d h e s i v e  c u r e d  t o  a c h i e v e  m a x i m u m  adhes ion  and  sur face  geometry .  
2.3.3  Drape  Forming  Results 
The f i r s t  p l a s t i c  o v e r l a y - f o r m e d  m a s t e r  p r o d u c e d  a 
h i g h l y  s p e c u l a r  s u r f a c e  w i t h  some edge  defec ts  which  were v i s i b l e  t o  
the   naked   eye .   This   mas ter  was t h e n  u s e d  t o  r e p l i c a t e  c o l l e c t o r  2 - 4 .  
The maximum c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  f o r  t h i s  
c o l l e c t o r  was 60  pe rcen t .   Th i s  low e f f i c i e n c y  was due t o  l o c a l i z e d  
s u r f a c e  d i s t o r t i o n s  i n  t h e  p l a s t i c ,  e d g e  d i s t o r t i o n s  c a u s e d  by an 
unde r s i zed   mas te r   base ,   and   poor   co l l ec to r   s i l ve r ing .   Th i s   r ecu r ren t  
p o o r  s i l v e r i n g  was caused by poor  r emova l  o f  t he  s i l i cone  r e l ease  
a g e n t s  u s e d  i n  c a s t i n g  t h e  p l a s t i c  s h e e t  b e t w e e n  p l a t e  g l a s s  s h e e t s .  
Most o f  t h e  a b o v e  d e f e c t s  w e r e  e l i m i n a t e d  i n  t h e  
f a b r i c a t i o n  o f  t h e  m a s t e r  u s e d  t o  r e p l i c a t e  c o l l e c t o r  2 - 5 .  The  max- 
i m u m  c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  f o r  t h i s  s i l i c o n e - p r o t e c t e d ,  chem- 
i c a l  s i l v e r - c o a t e d  c o l l e c t o r  ( 9 3  p e r c e n t )  e x c e e d s  a n y  p r e v i o u s  
c o l l e c t o r   e f f i c i e n c y   m e a s u r e d   a t  EOS o r   e l s e w h e r e .  However, a t   v e r y  
h i g h  c o n c e n t r a t i o n  r a t i o s  a s s o c i a t e d  w i t h  t h e r m i o n i c  c o l l e c t o r s ,  b e t t e r  
e f f i c i enc ie s  have  been  r epor t ed  than  migh t  be  expec ted  f rom ex t r apo-  
l a t i o n  o f  F i g .  C - 2  between a 0- inch  d iameter  and  the  3 /8- inch  d iameter  
a p e r t u r e  ( t h e  l a t t e r  r e p r e s e n t s  a n  u n o b s t r u c t e d  c o n c e n t r a t i o n  r a t i o  o f  
3 , 4 0 0 ) .  
The r e s u l t s  of t h i s  t e s t  i n d i c a t e  t h a t  t h e  B r a y t o n  
c y c l e  d e s i g n  s p e c i f i c a t i o n s  f o r  c o l l e c t o r - a b s o r b e r  e f f i c i e n c y  c a n  a l s o  
be m e t  by the  p l a s t i c  ove r l ay - fo rming  t echn ique  and  the  s i l i cone -p ro -  
t e c t e d  c h e m i c a l  s i l v e r  r e f l e c t i v e  l a y e r .  
The p l a s t i c  o v e r l a y  s h e e t  t h i c k n e s s  ( 1 / 4  i nch )   u sed  
fo r  t he  2 - foo t  mas te r  i s  t h e  same a s  t h a t  p r o p o s e d  f o r  t h e  3 0 - f o o t  
c o l l e c t o r .  A l s o ,  t he   2 - foo t   mas te r   cu rva tu re  was over  15 t imes   a s  
g rea t   a s   on  a 30- foot  master. S u r f a c e   e r r o r s   f o r   t h e   2 - f o o t   m a s t e r ,  
due t o  t h e  p l a s t i c  s h e e t ,  were p r o b a b l y  a s  g r e a t  o r  g r e a t e r  t h a n  o n e  
migh t  expec t  fo r  a 30- foot  draped  mas ter .  
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3. CONCLUSIONS 
Based on the  experimental work which resulted in investigating 
two  hitherto  unfunded  plastic  collector  master  fabrication  techniques 
and which developed a silicone-protected chemical silver mirror 
coating,  several  conclusions can be made. 
1. For 2-foot models, either  the  plastic  overlay  or  blade 
grinding  and  polishing  technique will achieve the high 
efficiency  goals EOS proposes  for  the  Brayton  cycle  design. 
There  appear  to  be  no  engineering  problems which would 
prevent a 30-foot collector, made by  either  process,  from 
meeting the specifications. 
2. Although  only  limited  time was spent on these  two  techniques 
of malting collector masters, relative to other  master and 
collector  fabricating  techniques, the methods  offer much 
promise  and  probably can be considerably  improved with 
additional support. 
3 .  The  drape-forming  technique  offers  greater  specularity, 
uses  less costly fabrication  machinery,and  takes  less  time 
than  the  blade-grinding  technique. 
4 .  Protective  agents  for  chemical  silver  coatings do not  reduce 
reflectance  by more than 1 percent when applied correctly. 
The  resultant  composite has higher  reflectance  than  any 
other  proposed  durable  collector coating. 
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